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Abstract

The purpose of Supply Chain Management (SCM) is to maximize and stabilize the flow of
goods through a supply chain. Disruptions to this flow, such as the Bullwhip Effect (BWE),
have become increasingly severe and dynamic, challenging current methods for counteracting
these disruptions. This thesis develops a systems and control framework for designing SCM
policies to meet this challenge.

The thesis makes use of economic-engineering modeling principles to model the dynamics of
the supply chain and calculate the flow of goods. Specifically, the supply chain is considered
to be analogous to an electrical circuit, with the flow of goods analogous to the current
and price changes analogous to voltage drops. Based on these analogies, the thesis develops
the building blocks required for modeling a supply chain, consisting of storage, production
and external markets. The building blocks are used to construct a serial supply chain with
multiple stages and products. The supply chain is analyzed in both the time and frequency
domain, quantifying how disruptions influence the flow of goods.

To regulate the flow of goods through a supply chain, this thesis models the procurement,
production and product pricing policies of SCM as individual PID controllers. The PID
controllers are shown to regulate the flow of goods in a manner similar to how an actual
manager would.

The effectiveness of the framework is demonstrated in a simulation study of the BWE in the
supply chain of Valtris Specialty Chemicals (VSC). It is shown how tools in classical control
theory, like Bode diagrams, are effective in the analysis of the dynamics and severity of the
BWE in terms of the resonance frequency and the amplification, respectively. In addition,
this thesis shows how the tuning of the PID controllers relates to specific adjustments in the
policies of VSC managers.
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Chapter 1

Introduction

1-1 Supply Chain Management and the Bullwhip Effect

Supply chains serve as a network to deliver products from raw materials to customers through
engineering a flow of goods, which is sensitive to supply chain disruptions [49, 76]. Recent
events such as the COVID-19 pandemic [76] and the blockage of the Suez canal [23] have
caused disruptions to supply chains that decreased the supply of raw materials, resulted in
stock-outs and forced production stops across various industries. A particularly dynamic
disruption called the Bullwhip Effect (BWE) ensued these events, causing a prolonged and
increased disruption to supply chains of which the effects are currently still noticeable. The
BWE is the phenomenon by which small variations in customer demand lead to large fluctu-
ation of suppliers’ orders upstream in a supply chain [29, 28, 64]. Some of the negative effects
of these fluctuations are: the requirement for high inventory capacity [15, 34], the perpet-
ual excess or shortage of production capacity and the temporary unavailability of products
[2, 29, 65, 77]. All of the effects of supply chain disruptions eventually result in high costs for
Supply Chain Management (SCM).

The purpose of SCM is to decrease these costs and increase customer service levels by maxi-
mizing and stabilizing the flow of goods through the supply chain, which can be achieved by
counteracting disruptions like the BWE [55]. This is emphasized by the ’First Manufacturing
Law’ by George Plossl, which states that "all benefits will be directly related to the speed of
flow of information and materials" [50]. SCM has access to a large set of tools that they can
commit to minimizing supply chain disruptions such as the BWE and optimizing the flow of
goods through the supply chain.

Literature proposes solutions for SCM to mitigate the BWE in the form of managerial insight
or through mathematical modeling. The solutions that are listed most often are information
sharing, channel alignment and operational efficiency [29]. Previously designed models come
in many variations and were created to analyze the BWE in the time [3, 6, 32, 33, 70, 69] or
frequency domain [15, 21, 42, 43, 64, 65, 72] and to develop strategies to decrease the BWE
[9, 16, 30, 40].
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2 Introduction

While many of the models incorporate the prices of products [16, 45, 32, 69, 70], none include
the dynamics of these prices. This limits the ability of these models to provide solutions
for dynamic supply chain disruptions. Specifically, the lack of price dynamics in currently
available models implies that the fluctuation of prices, one of the main causes of the BWE [29],
can not be taken into account in the analysis and mitigation of the BWE. The amplification
of these price fluctuations throughout a supply chain is called the Reversed Bullwhip Effect
in Pricing (RBP), which increases the BWE as it grows larger itself [44]. A dynamic model
is required for the analysis of dynamic supply chain disruptions like the BWE and for the
development of methods to counteract these disruptions.

In this thesis, a systems and control framework is developed for designing SCM policies
that counteract dynamic disruptions like the BWE. A dynamic model of a 3-echelon serial
supply chain is designed with the use of economic engineering. PID control is then used as
management policy for procurement of raw materials, production flow control and product
pricing to mitigate the BWE at multiple locations in this supply chain. Managerial insight
is derived from the design and tuning of the controllers that SCM can apply to adapt their
policies and mitigate the BWE within their supply chain. Alternatively, the controllers can
be implemented directly as policies in the supply chain.

1-2 Economic Engineering Model of a Supply Chain

A dynamic 3-echelon serial supply chain is modeled in Chapter 3 with the use of economic
engineering [38] principles. The multi-echelon serial supply chain structure is chosen similarly
to previously designed supply chain models for simulating the BWE [15, 21, 42, 64, 72]. Each
echelon consists of a building block that I design as an electrical circuit, following economic
engineering theory. Economic engineering is a new field of research in which engineering meth-
ods are applied to economic problems. Economic engineering theory states a set of analogs
between the electrical and economic domain that form the basis for constructing economic
models as though they are electrical circuits. Known relations in the electrical domain, such
as formulas for capacitance and inductance, are seen as analogs of the calculation of conve-
nience and the law of supply and demand, respectively. The economic engineering supply
chain model enables calculating the flow of goods through the supply chain and analyzing the
influence of dynamic disruptions like the BWE on this flow.

Time- and frequency-domain analysis of the supply chain model is carried out to observe
and validate the behaviour of the model and to determine controller design criteria for BWE
mitigation. The model’s parameter values are first set according to expert knowledge and
acquired data, in order to obtain a model that displays realistic supply chain behaviour in
simulation. Multiple scenarios are simulated by exciting the model with various inputs that
represent either customer demand at the downstream end of the supply chain or materials
supply at the upstream end. Additionally, Bode diagrams are used to quantify the BWE
in the supply chain as is previously done by [9] and [64]. The inclusion of price dynamics
introduces Bode diagrams as a new method for quantifying the RBP as well. The Bode
diagrams illustrate the amplification and relative lead times of either flows of goods or price
changes between two locations in the supply chain.

R. M. Dolman Master of Science Thesis



1-3 Mitigating the Bullwhip Effect using PID Control 3

1-3 Mitigating the Bullwhip Effect using PID Control

Chapter 3 shows that the BWE is a frequency-domain phenomenon that is quantified with the
magnitude plot of a Bode diagram. PID controllers of procurement, production and pricing
are therefore developed in Chapter 4 as policies for mitigating the BWE in the supply chain
from Chapter 3. The well-established PID control method lends itself for directly shaping
the frequency response of the supply chain and its functionality is similar to that of an
actual supply chain manager, as is argued in Chapter 4. The three processes of procurement,
production and pricing are the main influences that SCM has on their manufacturing plant
in the short term [51]. Each of the controllers is tuned to mitigate the BWE at a different
location in the supply chain.

1-4 Simulation Study: Valtris Specialty Chemicals

In Chapter 5 a simulation study of the manufacturing plant of Valtris Specialty Chemicals
(VSC) in Baleycourt is carried out to demonstrate the effectiveness of the framework. VSC
is a chemicals manufacturing company, making a variety products all over the globe. The
management of the manufacturing plant of VSC experiences the negative effects of the BWE
and seeks an appropriate solution to resolve this issue. The need for an appropriate solution
to the BWE makes the manufacturing plant of VSC in Baleycourt a suitable case study to
apply the framework presented in this thesis to. A section of the VSC supply chain with its
SCM is modeled using the building blocks and PID controllers that I develop in this thesis.
While the controlled system is designed based on knowledge from the plant in Baleycourt, the
solution is theoretically applicable to any supply chain with any number of different materials,
products and echelons.

1-5 Thesis Outline

This thesis is structured as a control systems design process as illustrated in Figure 1-1.

Figure 1-1: This thesis is structured as a control systems design process. Background information
is gathered, a model and controller are designed and validated and the solution is demonstrated
in a real-world application

Chapter 2 presents background information on SCM and the BWE, required for the design
of the model and controllers of the framework and for the subsequent analysis. The methods
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now used by SCM to influence the manufacturing plant and its surrounding supply chain
are presented. Chapter 2 also lists the causes, effects and proposed solutions of the BWE
as currently given in literature. Previous BWE modeling research is shown together with
its shortcomings and the problem this thesis aims to solve is formulated. The knowledge
in this chapter is partly gathered from literature and partly gained through interviews with
employees at VSC.

Chapter 3 shows how a model of a supply chain that includes price dynamics is designed.
The electrical analog within economic engineering is leveraged to develop electrical circuits
that represent the core building blocks of a supply chain. The inclusion of the inductor as
the law of supply and demand introduces price dynamics into the model that are essential
for quantifying dynamic supply chain disruptions like the BWE and the RBP. The building
blocks are connected in series to construct a model of a 3-echelon serial supply chain. The
model is then validated in the time- and frequency domain and used to analyze the influence
of the BWE on the flow of goods through the supply chain.

Chapter 4 presents a manner in which PID control can be used as SCM policy to mitigate the
BWE and regulate the flow of goods through the supply chain. Procurement of raw materials,
production of finished products and pricing of these products is controlled by three separate
PID controllers. The effect of PID controllers on the supply chain’s behaviour is analyzed in
scenario analysis and by using Bode diagrams. PID control as management policy is shown
to be effective at counteracting the BWE in the serial supply chain from Chapter 3 and to
be similar to the behaviour of an actual supply chain manager.

Chapter 5 applies the framework presented in Chapter 3 and Chapter 4 to a section of the
supply chain of VSC in a simulation study. A part of the manufacturing plant of VSC is
chosen for which a model is designed using the building blocks from Chapter 3. Data from
the VSC manufacturing plant is used to tune the parameters of the structured model and
the PID controllers. The BWE is quantified by making use of Bode diagrams and the PID
controllers’ parameter values are adjusted so that the BWE is mitigated. The result of the
application of the framework is a quantification of the BWE in a section of the VSC supply
chain and a management policy that VSC can use to mitigate the BWE.

Chapter 6 concludes this thesis and discusses the work presented in this thesis. Chapter 7
identifies further research opportunities following this thesis.
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Chapter 2

Supply Chain Management and the
Bullwhip Effect

2-1 Introduction

This chapter provides background information on Supply Chain Management (SCM) and
the Bullwhip Effect (BWE), relevant for understanding the solutions presented in this thesis.
Section 2-2 presents how SCM controls the behaviour of a manufacturing plant and the supply
chain it is connected to. Section 2-3 describes the BWE, a dynamic supply chain disruption,
and lists potential causes, known effects and proposed solutions. Section 2-4 summarizes
previous modeling research on analyzing the BWE and developing control methods to solve
the issues that result from the BWE. It also lists the shortcomings of the current state-of-
the-art, some of which will be resolved in Chapter 3 and Chapter 4 of this thesis. Section 2-5
concludes this chapter by stating the problem this thesis aims to solve in Chapter 3 and
Chapter 4 regarding modeling and mitigating the BWE.

2-2 Supply Chain Management

Supply Chain Management (SCM) can be defined as a set of approaches utilized to efficiently
integrate suppliers, manufacturers, warehouses and stores, so that merchandise is produced
and distributed at the right quantities, to the right locations, and at the right time, in order
to minimize systemwide costs while satisfying service level requirements [55]. In short, it
encompasses all tasks that aim to optimize the flow of goods through a supply chain. Any
disruption to that flow, such as the BWE described in Section 2-3, results in increased supply
chain costs and is to be counteracted by SCM.

SCM tasks span a large spectrum of a firm’s activities, in the strategic-, tactical- and opera-
tional level [55]. The strategic level is where decisions with a long-lasting effect on the firm are
taken, like the placement and capacity of warehouses and the acquisition of new machinery
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Figure 2-1: The core supply chain structure with the three main operational activities of Supply
Chain Management

for production. The tactical level includes the more frequent issues, updated between every
quarter and every year, like inventory policy and transportation strategies. The operational
level deals with the day-to-day tasks, such as production scheduling, procurement of mate-
rials and pricing of products. The control part of the framework presented in Chapter 4 is
developed with a scope limited to the operational level of SCM.

The main activities of SCM to influence the manufacturing plant on the operational level
are production scheduling, procurement of materials and pricing of products [51, 68]. These
three activities are often carried out separately by different entities within the manufacturing
plant, even though their individual decisions influence each other greatly [25]. A graphical
overview of the core supply chain structure and the three main influences of SCM is displayed
in Figure 2-1. The tools used for each of the activities are classically spreadsheets that are
updated manually in which the manufacturing plant is represented in a static manner. Chwif
et al. argue that a more dynamic (simulation) approach is required to capture the dynamic
nature of a supply chain [7]. Specifically, a dynamic approach is required to quantify the effects
of dynamic supply chain disruptions to the flow of goods. A vast body of knowledge exists on
modeling a supply chain dynamically so that quantifiable managerial advice can be deducted
for scheduling, procurement and pricing. The following subsections further explain the main
operational activities of SCM, although the reader is referred to the review by Dolman [10] for
a more extensive overview of SCM methods and previous modeling approaches to production
scheduling, procurement of raw materials and finished product pricing.

Chapter 4 develops PID controllers as management policies for the three main operational
activities of SCM.

2-2-1 Procurement of Raw Materials

Procurement of raw materials is the first part of inventory management, focused on re-
supplying raw materials inventories with the goal of reaching a high customer service level
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with low inventory investments. Ivanov et al. [24] state two primary questions that are posed
to optimally control the inflow of goods into inventory.

• How much should I replenish?

• When should I replenish?

They argue that inventory management concerns itself mainly with minimizing holding costs,
stockout costs, ordering costs and setup costs [24].

A number of methods are used to keep inventories at their desired levels, so that inventory
investments are minimized and stockouts are prevented. The two main classes of procure-
ment policies are the re-order point methods and the periodic review methods. Harris [20]
introduces the re-order point method, designed to derive the optimal order quantity when
inventories reach a certain level. The periodic review method prescribes procurement in fixed
time intervals, at which an order is placed to bring the inventory in question back to a pre-
determined level. A large range of extensions to the re-order point methods and the periodic
review methods have been proposed to improve the calculation of the amount of materials to
be procured. The review of recent literature by Williams and Tokar [74] provides a detailed
overview of available inventory management methods.

2-2-2 Production Planning

The second part of inventory management is production planning, focused on re-supplying fin-
ished products inventories with the purpose of attaining a desired inventory level while keeping
to capacity constraints under the influence of uncertain demand. The production scheduler
of a manufacturing plant often makes use of the conventional Master Schedule (MS), Master
Production Schedule (MPS) and Material Requirements Planning (MRP) to determine what
products to make at what time. The MS gives high-level goals for production and contains
demand forecasts, orders and the MPS. The MPS contains the anticipated production sched-
ule with dates, quantities and specific manufacturing configurations. The MRP finalizes the
production scheduling process with an overview of the available inventories and the Bill of
Materials (BOM), which contains the recipes of all products. A more visual manner of pro-
duction planning is the so-called ’product wheel’, popularized by King [27]. The product
wheel describes the product mix and relative production flows for each product, as well as
the time taken for each process and the total time spent in a production cycle. It provides
an easily interpretable overview of the ratios of time spent per month manufacturing each
product and the order in which they are most efficiently manufactured. Both the conven-
tional tools and the product wheel are not easily adaptable to change and are not well suited
for application to supply chains that are affected by dynamic disruptions. More complex
production scheduling approaches make use of mathematical optimization to determine what
products to manufacture and when. Sagawa and Nagano [52, 53] and Sarimveis et al. [54]
provide extensive overviews of available modeling methods for production scheduling. The
available tools for production scheduling are used jointly in industry to regulate the flow of
products into finished products inventory.
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2-2-3 Finished Products Pricing

Simon and Fassnacht [56] distinguish between three classes of finished product pricing meth-
ods that each have the purpose of maximizing the revenue from finished products sales.
One-dimensional pricing involves setting the price of a single product, only considering the
current moment in time. Multi-dimensional pricing considers demand and prices of multiple
products at the same time for setting the price of one of the products. Long-term price opti-
mization does so as well and takes into account the movement in time of the price in question,
making it the only dynamic pricing approach. While long-term price optimization is the most
sophisticated approach, the majority of the companies uses a one-dimensional pricing method
due to its simplicity [19, 56].

An often used pricing policy is to initially carry out cost-plus pricing, followed by price
adjustments related to the expected price-response and the prices of competitors. Cost-
plus pricing takes the sum of all costs incurred in the production of a finished product and
multiplies it with a markup that determines the profit margin made on that product. To
avoid pricing the company out of the market by setting a price that is too high, the expected
demand as a response to that price is considered. The law of supply and demand [35] is used
to predict customer demand for a specific price using knowledge about the price elasticity of
demand. Competitor price information may finally give an incentive for further adjusting the
price in order to make the most profits. Even though many factors may be taken into account
for setting the price of a product, the price of a product is rarely considered as a dynamic
variable by looking at the way it changes over time influenced by internal and external supply
chain factors.

2-3 The Bullwhip Effect

The BWE is a dynamic supply chain disruption, which is described as the amplification of
small variations in downstream customer demand to large fluctuations in upstream manufac-
turers’ orders [28, 29, 64]. An illustration of the BWE is shown in Figure 2-2. The disruption
was first identified by J. Forrester [11, 12]. He argued that the amplification is caused by
typical supply chain behaviour, inherent to the manufacturing and distribution practices.
The BWE has been observed in many industries and was given its name by Procter & Gam-
ble (P&G) logistics executives who discovered the effect in their own supply chain [29]. J.
Sterman [60] developed the so-called ’Beer Distribution Game’ to experimentally show the
fluctuations of production and procurement. The experiment shows oscillations in inventory
and orders, amplification of these oscillations further upstream in the virtual supply chain
and significant phase lag or delays in the actions of different supply chain members. The ex-
istence of the BWE is evident and it has a severe negative effect to the flow of goods through
a supply chain. In Chapter 3 a model of a supply chain is constructed with which the BWE is
quantified. The model serves as a basis for the development of a control method in Chapter 4
that counteracts the BWE. This section lists the potential causes, negative effects and current
solutions to the BWE.
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Figure 2-2: The Bullwhip Effect causes demand amplification in a supply chain [12]

2-3-1 Causes

The four main causes of the BWE according to Lee et al. [29] are:

• Price fluctuations

• Demand forecast updating with non-zero lead times

• Order batching

• Rationing and shortage gaming

Others [4, 5] recognize these as the main source of the amplification of demand fluctuations as
well. Especially the demand forecast updating is seen as having the largest influence on the
BWE [12, 60]. Bhattacharya and Bandyopadhyay [2] categorize these as operational causes
and extend the list of potential causes. They also name inventory policy, replenishment
policy, improper control system, the number of echelons, misperception of feedback and local
optimization without global vision, amongst other things. Furthermore, they identify three
behavioral causes related to the previously named causes. For a detailed overview of the
causes of the BWE and their respective effects on the supply chain, the reader is referred to
the review by Bhattacharya and Bandyopadhyay [2]. Each of the causes on its own can lead
to the existence of the BWE in a supply chain and usually multiple causes are present.

The control method designed in Chapter 4, as part of the systems and control framework
this thesis develops, focuses on counteracting price fluctuations, adjusting the inventory and
replenishment policies and avoiding incorrect demand forecasting. The effects of the number
of echelons, the misperception of feedback and local optimization are also shown in Chapter 3
and Chapter 4.

2-3-2 Effects

The amplified fluctuations in orders, production and inventory have a negative impact on the
supply chain in a number of ways. The ’First Manufacturing Law’ as formulated by George
Plossl states that "All benefits will be directly related tot the speed of flow of information and
materials" [50]. If the flow is disrupted by fluctuations in the supply chain, this will result
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in an increase in cost at several parts of the supply chain. Campuzano and Mula [5] identify
a number of sources of cost increase as a result of the BWE, among which; insufficient or
excessive capacity, employees’ contract/dismissal, excess stock, obsolescence, poor suppliers’
delivery, poor customer service, poor public image.

The effects of the BWE again have an influence on the amplification of order fluctuations as
supply chains are governed by negative feedback [61]. Excessive manufacturing capacity leads
to relatively higher fixed costs per sold item, which increases the prices of finished products,
resulting in price fluctuation. Excess finished product stock may encourage SCM to present
price promotions, also resulting in price fluctuations. Excess raw material stock will reduce
the procurement volume for these materials leading directly to the fluctuations in orders. To
counteract the BWE, solutions are required that deal with the causes of the BWE directly.

2-3-3 Current Solutions

The solutions for mitigating the BWE are focused on directly counteracting the causes of the
amplifications stated in subsection 2-3-1. The main solutions as proposed by Wikner et al.
[73] are:

• Tuning existing echelon decision rules

• Removing echelons from the supply chain

• Integrating information flow

• Reducing time delays (procurement/production/pricing)

• Improving individual echelon design rules (taking into account pipeline behaviour)

These solutions stem from principles proposed by Forrester and Burbridge [17, 12] and have
been adopted by researchers through the years. The principles were further developed into
specific actions that SCM can use on the supply chain.

The actions that SCM can undertake are numerous. A few examples are; Every-Day-Low-
Pricing (EDLP) [5, 29, 47], better control of production and procurement [6, 9, 12, 15, 60,
73], using point-of-sale (POS) data for forecasting [5, 29, 39, 73], sharing inventory and
manufacturing capacity data with upstream and downstream supply chain members [5, 8, 29,
36], reducing lead times [6, 29, 36, 73, 62], eliminating a redundant link in a supply chain
[36, 47, 73]. The reader is referred to the reviews by Bhattacharya and Bandyopadhyay [2]
and Wang and Disney [71] for a more extensive summary of possible solutions to the BWE.

Lee et al. [29] categorize the available solutions based on their underlying coordination mecha-
nism, namely, information sharing, channel alignment and operational efficiency. Information
sharing encompasses all manners in which downstream information is shared with other sup-
ply chain members. Channel alignment means the coordination of transport, pricing and
inventory planning, among other things. Operational efficiency refers to performance improv-
ing activities, such as reducing lead time. The categories aid SCM in finding the appropriate
action for mitigating the BWE [29]. The control solution proposed in Chapter 4 belongs to
the operational efficiency category as its purpose is to improve the operational activities of
SCM.
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The list of available solutions for SCM is lengthy and is growing still as the BWE has not
yet been eradicated from supply chains [36]. McCullen and Towill [36] argue that there are
ten so-called ’bullwhip clichés’ that explain why the BWE still exists in supply chains. The
clichés in essence tell us that either SCM does not believe the BWE exists, SCM does not
think the BWE affects them negatively, BWE does not accept the available solution methods
or SCM feels like there is nothing they can do to decrease the BWE. This thesis develops
a systems and control framework for designing SCM policies that can counteract dynamic
supply chain disruptions like the BWE.

2-4 Review of Supply Chain Models for Analyzing the Bullwhip
Effect

A large quantity of models and control applications have been designed for supply chains in
an attempt to quantify and counteract the BWE. The supply chain is classically modeled as
a dynamical inventory system [71], that varies in several elements such as type of demand,
forecasting method, ordering policy or supply chain structure. A recent detailed overview of
the various types of supply chain models and their extensions is given by Wang et al. [71].
While the set of models for the BWE is merely part of the much larger range of supply chain
models, this section will restrict itself to listing only the specific BWE models. The underlying
structure of the models, the theories on which they are built and the extensions to the
models are similar in both general and Bullwhip-specific supply chain research. This section
summarizes modeling research and mitigation strategies for the BWE to clarify previous
research directions and shortcomings in the state-of-the-art.

2-4-1 Bullwhip Effect Models

To address the different BWE model types structurally, categorization is required. The three
so-called "Lenses" for observing the BWE presented by Towill et al. [65] are chosen for classifi-
cation of previous modeling research. With the "Variance Lens", a cost function is minimized
and time-responses of random demand signals are observed, measuring the BWE with the
ratio of variances of orders or inventories. The "Shock Lens" uses step responses of simulation
models to observe system behaviour, measuring peak response time and overshoot for deter-
mining the existence of the BWE. The "Filter Lens" makes use of Filter- and Control Theory,
looking at frequency responses of transfer functions to find resonance peaks, measuring the
BWE with the gain of the transfer function from downstream demand to upstream supply.
An additional paragraph is dedicated to models that specifically feature the prices of goods.
The fluctuation of prices is one of the most important BWE causes [77] so the addition of
prices in a model is of value for the analysis and control of the BWE. The categorization
allows for structural assessment of the strengths and weaknesses of each model type.

The "Shock Lens"

One of the first models of the BWE comes from Jay Forrester [12], who constructs a well-
known system dynamics model of a supply chain. System dynamics, or industrial dynamics,
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Figure 2-3: System dynamics model of an inventory management system by Sterman [61]

is the investigation of the information-feedback character of industrial systems and the use
of models for the design of improved organizational form and guiding policy [12]. It features
feedback loops of materials and information that may describe the behaviour of an industrial
system visually and with equations. The demand amplification that he observes from his
model was initially named the "Forrester Effect" and only later re-branded as the BWE [29].
Paik and Bagchi [47] leverage the system dynamics approach to construct a modular supply
chain model. Fractional simulation is carried out to investigate the relative contribution of
nine of the main influences on the BWE. They conclude that demand forecast updating, level
of echelons and price variations are of the highest influence on the demand amplification.
Sterman [61] develops a system dynamics model of an inventory management system for
which he provides several customization options. The system dynamics model he constructs
can be observed in Figure 2-3. He observes oscillation, amplification and phase lag in a case
study of the model and proposes solutions for the BWE. The system dynamics approach
is a strong visual modeling method with which the relations between parts of the system
are easily observed. It can be used for simulation without much effort, providing possibly
unexpected and troublesome results [12]. However, supply chains models constructed with
system dynamics do not feature any financial variables and are only concerned with the flows
of goods and information through the system, eliminating the option of studying the reciprocal
effect of fluctuating prices on the BWE.

Other simulation approaches that fall under the "Shock Lens" label may be based on differ-
ent model types than system dynamics. Bray et al. [3] have constructed a discrete event
simulation model. O’Donnell et al. [40] apply a Genetic Algorithm (GA) to a descriptive
behavioural decision model of a 5-stage supply chain, based on the beer game by Sterman
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[60]. Holland and Sodhi [22] develop an analytical model of a supply chain and quantify
the influences of price fluctuation, order batching and rationing on the BWE. Although the
model types are different, the way of measuring the BWE is the same for each model in the
"Shock Lens" class and the lack of financial variables limits all of them.

The "Filter Lens"

The frequency domain provides completely different tools that can be applied to modeling
and mitigating the BWE. The use of transfer functions and Bode diagrams make it possible
to quantify the BWE and determine system stability. Towill and Del Vecchio [64] convert
a system dynamics model of a 3-echelon supply chain into a block diagram from which the
transfer function of each echelon is derived. These transfer functions are used to show the
frequency response of each echelon and show regions of amplification and attenuation in
the gain plot of a Bode diagram. The block diagram of Towill and Del Vecchio is shown
in Figure 2-4. Ouyang and Li [43] extend a serial supply chain model to a model with
multiple customers in different markets, for which they develop a control theory framework
for analyzing order stability and the BWE. The influence of different forecasting methods on
the BWE is researched by Dejonckheere et al. [9] and Li et al. [30]. The effect of various
strategies for sharing information with supply chain members is addressed by Ouyang [42].
Policies for operational activities are analyzed in several papers. Hoberg et al. [21] investigate
three common inventory policies. Fu et al. [15] introduce Model Predictive Control (MPC)
for the ordering policy. Wang et al. [72] investigate nonlinear ordering policies. The graphical
block diagram modeling method used often within the "Filter Lens" class makes the derivation
of transfer functions for frequency-domain analysis of the supply chain easy. Bode diagrams
then provide a frequency-specific BWE metric with which filter design can be carried out.
However, the models within the "Filter Lens" class lack any financial variables and rather
focus on the flow of goods and the delays between supply chain elements.

The systems and control framework that is developed in this thesis can be categorized in the
"Filter Lens" class, but includes prices as dynamic variables. Bode diagrams are employed
to quantify the BWE in the frequency domain and to tune the PID controllers that regulate
procurement, production and product pricing.

The "Variance Lens"

The method of analytically modeling a supply chain with difference equations and math-
ematical optimization has gained interest in recent research. Lee and Padmanabhan [28]
popularized the method by designing an analytical model of a supply chain from which man-
agerial insight could directly be derived for different echelons in a supply chain. Luong [31]
measures the influence of lead times and autoregressive demand coefficients on the BWE by
deriving analytical expressions for the variance of the orders and for the partial derivatives
of the BWE to the lead times and demand coefficients. The first analytical models do not
include any financial variables though, limiting their applicability.

Later research in the "Variance Lens" class includes the prices of goods in its models of a
supply chain. Zhang and Burke [75] first add in price-dependent demand for which both the
price and the demand itself are represented by an autoregressive process. Y. Ma et al. [34]
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Figure 2-4: Block diagram representation of a three-echelon supply chain [64]

also include price-sensitive demand with an autoregressive pricing process in the model of a
supply chain, and examine the order-up-to procurement policy under a mean-squared error
forecasting technique specifically. Tai, et al. [63] add the price as a random i.i.d. variable
to an autoregressive demand process and analytically derive the influence of several demand
parameters on the BWE. Gamasaee and Zarandi [16] use the optimal price found through a
pricing-game to forecast demand in order to decrease the BWE. J. Ma et al. [32] construct a
supply chain model with an online part where the prices of each echelon are also determined
through a price game, which now also considers discount sensitivity. Wang, Lu et al. [69] use
this model to investigate the BWE on inventories instead of orders in different information
sharing settings. Y. Ma et al. [33] derive a combined measure of the BWE on orders and
inventory to study the effect of different demand forecasting methods. Wang, Ma et al. [70]
analyze the effect of consumer price forecasting methods on the BWE. Cao et al. [6] construct
a supply chain model in which the supply function, demand function and the price adjustment
function are introduced simultaneously. Their research is notable as they are the only who
assume the price to move in accordance with excess supply or excess demand, creating a
feedback loop in the model. The inclusion of prices gives the analytical modeling method of
the "Variance Lens" an edge over the other classes as the fluctuation of prices can then be
taken into consideration as one of the main causes of the BWE.

The analytical modeling method has resulted in several direct relations between system pa-
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rameters and the variance amplification ratio of the BWE. The method is unique in its
inclusion of prices in the models, often as an autoregressive process. However, the complexity
of the supply chain model is usually limited, due to the inherent complexity of deriving the
analytical equations, and the price process is usually not dynamically related to other parts
of the model so part of the dynamics of the supply chain are omitted.

The systems and control framework this thesis develops for the development of SCM policies
that counteract dynamic supply chain disruptions combines some of the strengths of the
"Lenses". Chapter 3 presents a structured graphical model of a supply chain that includes
price dynamics, which is analyzed in the frequency domain making use of Bode diagrams.
The combination of price dynamics and the frequency domain for a graphical supply chain
modeling method is unique to this research, to the best of the author’s knowledge.

2-4-2 Bullwhip Effect Measures

To assess the magnitude of the BWE and the influence of an applied solution, a measure of
the BWE is required. A limited number of metrics have been presented in literature. First
of all there is the demand amplification factor, a ratio of the maximum change in the flow
of goods entering the manufacturing plant to the maximum change in end-customer demand
[47, 60]. It is calculated by taking the peak values in each signal and subtracting them from
the steady-state values, after which the ratio of the results is taken.

Amplification Factor = ∆(Factory Orders)
∆(Customer Orders) (2-1)

The most used is the ratio of variances of orders, production or inventory [4, 5, 16, 18, 31,
34, 69]. The variance of a signal is first calculated or derived from the model structure, after
which the ratio between two variances is taken.

Variance Ratio = V ar(Material Orders)
V ar(Customer Demand) (2-2)

The difference between variances is sometimes also used [4].

Variance Difference = V ar(Material Orders)− V ar(Customer Demand) (2-3)

If the variance ratio is larger than 1 or the difference is larger than 0, the existence of the
BWE is proven according to these measurements. Instead of the variance, the variability can
be taken to calculate the magnitude of the BWE, similar to Eq. (2-2) [77]. The variability
is linear, compared to the variance that is quadratic, making it better applicable in some
situations. In some frequency domain modeling research, the gain plot of a Bode diagram is
used to measure the BWE. [9, 64] The gain represents the ratio between the amplitude of the
material orders’ fluctuations and the amplitude of the oscillations in the customer demand
at a specific frequency. An illustration of the regions of amplification and attenuation in the
gain plot of a Bode diagram is shown in Figure 2-5. Depending on the type of model used to
represent the supply chain, different Bullwhip-measures are available.

Fransoo and Wouters [14] indicate several issues that may hinder a person in correctly measur-
ing the BWE. They firstly argue that levels of data aggregation can lead to different results.
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Figure 2-5: Filter characteristics of a retailer (adapted from Towill and Del Vecchio [64])

Secondly, they state that measuring the total BWE does not tell which of the different causes
of the BWE has the largest influence. Lastly they argue that manners of disaggregation of
demand data can be difficult as demand data may not be easy to split from aggregated data
for a particular supplier or supply chain. Caution must be taken when quantitatively com-
paring BWE research as the data used in the calculation of the amplification may differ on
several structural levels.

2-4-3 Reverse Bullwhip Effect in Pricing

A practical mirror version of the BWE has been identified by Özelkan and Çakanyildirim [44]
as the Reversed Bullwhip Effect in Pricing (RBP), which describes the amplification of price
variation resulting in large downstream price fluctuations. Price variation is one of the root
causes of the BWE so any supply chain that displays the RBP needs special attention [45].
Özelkan and Çakayildirim [44] determine whether or not the RBP exists for different demand
functions, for which analytical conditions are derived. The research is extended by Özelkan,
Lim and Adnan [46] to a supply chain where pricing and replenishment decisions are made
simultaneously. Adnan and Özelkan [1] then also examine the existence of the RBP for three
different game-structures in the determination of prices. Not much research has been carried
out on the RBP, even though the phenomenon may well have a large contribution to the
well-studied BWE.

The RBP is measured by the so-called "cost-pass-through coefficient", which is defined as the
derivative of the retail price p to the wholesale price w.

Cost-Pass-Through = dp

dw
(2-4)

When this coefficient is larger than 1, the existence of the RBP is proven [44]. The potent
frequency response measurement tools used in the detection of the BWE have not been used
in previous research on the RBP, as prices have not yet been included in frequency-domain
models of supply chains.

Chapter 3 quantifies the RBP in the supply chain model designed in this thesis, by making
use of Bode diagrams of the transfer functions from upstream to downstream price changes.
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2-5 Conclusions

SCM aims to optimize the flow of goods through a supply chain in order to reach a high
customer service level and incur minimal costs. SCM requires appropriate management poli-
cies to regulate this flow of goods and counteract dynamic supply chain disruptions like the
BWE. The current operational activities, for which these policies are sought, are carried out
independently and statically in practice, which is ineffective against the inherently dynamic
BWE. Current models for analyzing the BWE and developing methods to counteract the
BWE omit price dynamics or do not include prices at all. The solutions proposed in previous
research therefore fail to take into account the reciprocal effect of price fluctuation on the
BWE. A dynamic model of a supply chain is required to quantify the influence of the BWE
on the supply chain and develop management policies that mitigate the BWE.

In Chapter 3 a dynamic model of a supply chain is designed with the use of economic engi-
neering. The BWE is analyzed in this supply chain using both time- and frequency-domain
methods. Chapter 4 then develops PID controllers as policies for procurement, production
and pricing that mitigate the BWE. Managerial insight is obtained from the application of
the control policies that can be used by SCM to mitigate the BWE in their supply chain.
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Chapter 3

Economic Engineering Model of a
Supply Chain

3-1 Introduction

In this chapter I design a structured dynamic model of a 3-echelon serial supply chain to
quantify the effect of dynamic disruptions on the flow of goods through a supply chain. The
model is constructed as an electrical circuit, using analogs from economic engineering theory
[38]. The economic engineering modeling method enables the inclusion of price dynamics in
the model of a supply chain so that the reciprocal effect of price fluctuations on the Bullwhip
Effect (BWE) can be analyzed. The model of a supply chain is used in Chapter 4 as a basis
for developing controllers as Supply Chain Management (SCM) policies that mitigate the
BWE.
The remainder of this chapter is structured as follows. Section 3-2 presents analogs between
electrical engineering and supply chain management that I use in the design of a supply chain
model. In Section 3-3 I develop a building block with which I construct the supply chain
model. The locations of possible control inputs, representing supply chain management, are
indicated in Section 3-4. Section 3-5 shows how a 3-echelon serial supply chain model is
obtained by linking together 3 of the building blocks from Section 3-3. I tune the model’s
parameters with data from Valtris Specialty Chemicals (VSC) so that it represents part of
a realistic supply chain. I then discretize the model for simulation purposes and validate it
through time- and frequency-domain analysis in Section 3-6. In Section 3-7 I conclude that
the model of a supply chain displays typical supply chain behaviour and can be used to find
a solution for mitigating the BWE.

3-2 The Supply Chain as an Economic Engineering Model

Economic engineering theory provides analogs between economics and electrical engineering
that I use to model a supply chain as an electrical circuit. The electrical domain is chosen as
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Storage
(C)

Excess Supply
(L)

Proportional Pricing
(R)

Production
(n)

Figure 3-1: Economic processes are translated to electrical elements to enable dynamic modeling
of a supply chain. The mathematical relations and detailed interpretation for each element are
given in subsections 3-2-1, 3-2-2, 3-2-3 and 3-2-4

Parameter Interpretation Unit
1
C Convenience yield $

tonne2·wk
1
L Price elasticity of excess supply tonne2

$·wk
R Appreciation rate $

tonne2

n Material-Product weight ratio [-]

Table 3-1: Economic interpretations and units of electrical elements’ parameters

analog because the flow of charged particles through wires in a circuit is similar to the flow of
goods through a supply chain. As the flow of goods is analogous to the electrical current, the
voltage is the analog of an economic force or price change. Each electrical element represents
an economic law or phenomenon that matches the physical law contained in the element.
These laws define the behaviour of the system and make it possible to design a structured
dynamical model of an economic system. The laws are formulated as linear relations so that
an LTI model can be designed in Section 3-3. The relations are presented in continuous-time
form here, but the full model of a supply chain that the relations are used in is discretized in
Section 3-6 for simulation purposes. In this section I present an adaptation of the economic
engineering analogs from [38] as I apply them to supply chains and SCM.

An overview of the elements, their supply chain specific interpretation and the corresponding
parameters is shown in Figure 3-1. The interpretation of the parameters is listed in Table 3-1.

3-2-1 Storage

Storage is the retention of parts or products for future use or shipment [49], which is modeled
with a capacitor in the electrical domain. A capacitor stores charge similar to how goods
are stored in inventory. The more goods you have in inventory, the higher the convenience
you yield from that inventory. This is similar to the voltage across a capacitor that increases
with the charge stored in the capacitor. The formula that relates the convenience of having
inventory to the net flow of goods into inventory is:

Vconv(t) = 1
C

∫
Inet(t)dt = 1

C
q(t) (3-1)

This formula is a capacitor’s voltage-current equation, where the voltage Vconv is the conve-
nience of having inventory in $

tonne·wk ,
1
C is the convenience yield and the current Inet is the

net flow of goods into inventory in tonne
wk . The increase in inventory is the integral of the net
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flow of goods into inventory over time. q is the relative stock level, which is analogous to the
amount of charge stored in the capacitor.

3-2-2 Excess Supply

Excess supply results from the difference between the quantity supplied and the quantity
demanded of a good, based on the price level of the good in question. This stems from the
law of supply and demand [59] and is modeled with an inductor in the electrical domain.
The inductor induces a current based on the magnetic flux that is built up inside of it. This
matches the change in excess supply that is induced by a change in the price level. The
formula that relates the excess supply to the price change is:

Isup(t) = 1
L

∫
Vsup(t)dt = 1

L
λ(t) (3-2)

This formula is an inductor’s voltage-current equation, where the current Isup is the excess
supply of goods in tonne

wk , 1
L is the price elasticity of excess supply and the voltage Vsupt is the

price change over time of the good in question in $
tonne·wk . λ is the price level, which is the

analog of the flux linkage in an inductor.

When used to represent excess demand in a market, the price level is that within the market.
When used inside the manufacturing plant to plan production, the price level concerns the
internal price or willingness to produce and the inductor represents the internal supply or
demand. It is this element that adds price dynamics to an economic engineering model by
keeping track of the price as it changes over time due to the influences of other elements.

3-2-3 Proportional Pricing

The proportional pricing phenomenon in a market, also called appreciation, is based on the
scarcity principle. In the case of excess supply for a certain product, the price of that product
will be driven down by the force of demand, which is proportional to the excess supply. This
relation is modeled in the electrical domain by a resistor. The formula that relates the price
change to the excess supply is:

Vprop(t) = R · Isup(t) (3-3)

This formula is a resistor’s voltage-current equation, where the voltage Vprop is the propor-
tional price change of a good, R is the appreciation rate and Isup is the excess supply of the
good in question.

3-2-4 Production

Production is defined as the conversion of raw materials into finished products [49]. This is
modeled in the electrical domain by a transformer. The transformer converts one current into
another, with a ratio between the currents equal to the windings ratio of the transformer.
This is similar to how the output of finished products is related to the required input of raw
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materials by a ratio specified in the Bill of Materials (BOM). The voltages on either side
of the transformer are related through the inverse of the transformer ratio. This matches
the relation between the desirability to produce for products and materials depending on the
ratio specified in the BOM. The formulae that relate the flows of goods and the desirabilities
on either side of production are:

Irm(t) = n · Ifp(t)

Vrm(t) = 1
n
· Vfp(t)

(3-4)

Irm and Ifp are the flows of raw materials and of finished products in tonne
wk , respectively,

Vrm and Vfp are the desirability to use raw materials and the desirability to produce finished
products in $

tonne·wk , respectively, and n is the weight ratio of raw materials to finished
products as specified in the BOM.

3-3 Model of a Manufacturing Plant and the Surrounding Markets

In this section I combine the electrical elements listed in Section 3-2 into an electrical circuit
that serves as a model of a manufacturing plant and its surrounding external markets. A
single stage in a supply chain like the manufacturing plant is also referred to as a supply
chain ’echelon’ [49]. The core supply chain structure as shown in Chapter 2 in Figure 2-1 is
taken to match the circuit’s structure to. This circuit functions as a building block that I use
in Section 3-5 to construct a model of a 3-echelon serial supply chain.
The electrical circuit of a supply chain echelon consists of the circuit of a manufacturing plant
and of the circuits of external markets. The flow of goods through these circuits is defined
by their core structure. Materials enter a manufacturing plant from the external market for
raw materials. These materials either go into storage or are immediately used in production.
Production takes the materials and converts them into products with a flow that is controlled
by internal supply and demand. The products go into storage or are sold to customers right
away by flowing into the external market for finished products. The flow through the market
is determined by the prices of the products, which is influenced by proportional pricing and
by the finished products stock level. The individual circuits of an external market and of a
manufacturing plant are shown in Figure 3-2, for which the state-space representations are
given in Eq. (3-5) and Eq. (3-6), respectively.
The time-dependency notation of the variables will be dropped from this point onward for
the purpose of readability.
The external market circuit consist of excess supply and proportional pricing, the manufac-
turing plant consists of storage for materials and products with production linking the two,
governed by internal supply and demand. The circuit of a manufacturing plant contains two
separate types of flows of goods, of raw materials and of finished products. All green elements
and wires correspond to raw materials and all blue elements and wires correspond to finished
products. Production is what links the materials and products in the center of the manufac-
turing plant model. Elements are labeled with their parameters and system states are shown
for the elements that store them. The states of the systems are the relative stock levels (q)
and price levels (λ).
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External
Market

Manufacturing
Plant

proportional
pricing

excess
supply

internal
demand

internal
supply

materials
storage

products
storage

production

R1 L1 : λ1 Li1 : λi1 Li2 : λi2

n

C1 :
q1

C2 :
q2

w1 w2 y3 y4

y1 y2 w3 w4

Figure 3-2: Electrical elements are combined into circuits that represent a manufacturing plant
(right) and an external market (left). The state-space representations of the market and plant
are given in Eq. (3-5) and Eq. (3-6), respectively

d

dt

[
λ1

]
=
[
−R1
L1

] [
λ1

]
+
[

1 −1
] [ w1

w2

]
[
y1
y2

]
=
[ 1

L11
L1

] [
λ1

] (3-5)

Here, w1 and w2 are price change disturbance inputs (voltages) that may come from manu-
facturing plants connected to either end of the market. The outputs y1 and y2 are the flows
in and out of the market on the left and right side, respectively, which are equal as market
clearance is assumed.

d

dt


q1
q2
λi1
λi2

 =


0 0 − 1

Li1
0

0 0 0 1
Li2

n2Li1
C1Li2
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C2Li2

α 0 0
n
C1
α − 1

C2
α 0 0
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q2
λi1
λi2

+


1 0
0 −1
0 0
0 0


[
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w4

]

[
y3
y4

]
=
[ 1

C1
0 0 0

0 1
C2

0 0

]
q1
q2
λi1
λi2

 ,
(3-6)

with α = 1
1+n2 Li1

Li2

.

The disturbance inputs w3 and w4 are flows of goods entering or leaving the manufacturing
plant and the outputs y3 and y4 are price changes caused by the conveniences of materials
and products storage, respectively.

The open ends on the right and left sides of the circuits indicate the locations that other
circuits can be connected to. To construct a serial supply chain, the systems are connected
in series through their disturbance inputs (w) and measured outputs (y). The outputs of one
circuit become the disturbance inputs to the other and vice versa. The electrical circuit of a
single supply chain echelon, consisting of a manufacturing plant connected on either side to
an external market, is shown in Figure 3-3, with its state-space representation in Eq. (3-7).
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Raw Materials
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Figure 3-3: The electrical circuits of an external market and manufacturing plant are connected
through their inputs and outputs to obtain the model of a supply chain echelon. The state-space
representation is given in Eq. (3-7)
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(3-7)

with α = 1
1+n2 Li1

Li2

.

The state-space representation of the dynamics of a single building block shows some of
the characteristics of the model. First of all, the behaviour on either side of production is
symmetrical. The influence of the stock level on the internal price level and of the resulting
production flow on the stock level is the same for raw materials and finished products. Second,
the stock levels do not directly influence each other but cause a change in the internal price
level and with that a change in production. This in turn does influences the stock levels
of both materials and products. Finally, the internal prices both move proportional to one
another, only differing by the ratio nLi1Li2

. The A matrix is therefore not full rank and can be
reduced to obtain a 5-dimensional system. Control and disturbance inputs are not included
in this model yet and are added in Section 3-4 and Section 3-5 respectively.
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3-4 Controllable Inputs for Supply Chain Management

The supply chain can be influenced through control of three SCM processes. The controllable
inputs of the model match the three main influences of SCM on the manufacturing plant
and on the surrounding markets as listed in Chapter 2. Figure 3-4 shows the locations
of controllable inputs for each building block. The flow of products out of production is
influenced by a controller on the products side of production, indicated with ’Prod’. The
flow of materials that is procured from suppliers is influenced by a controller positioned in the
market for raw materials, indicated with ’Proc’. The change in price for the finished products
is influenced by a controller in the market for finished products, indicated with ’Pri’. Flows
are controlled in parallel to the circuit and price changes are controlled in series with the
elements in the circuit. The continuous-time state-space representation of the controlled
building block is shown in Eq. (3-8).

Depending on the type of control chosen for production, procurement and pricing, the control
input blocks in Figure 3-4 are replaced with either passive electrical elements that act on
local measurements or active components that may take measurements from anywhere in the
system. In Chapter 4, I apply PID control to influence the flows of goods with production
and procurement and to adjust the product prices in order to mitigate the BWE.

ProdProc

Pri
L1 : λ1 L2 : λ2Li1 : λi1 Li2 : λi2

C1 :
q1

C2 :
q2n

R1 R2

uproc uprod

upri

w1 w2

y1 y2

Figure 3-4: The flows of goods and price changes in the supply chain can be controlled with
procurement (Proc), production (Prod) and pricing (Pri). The state-space representation is
given in Eq. (3-8)

The controlled system is fully controllable under the condition that the system is first reduced
to its 5-dimensional form where either λi1 or λi2 is eliminated. Reduction of the system
matrix is necessary for controllability as the λi1 and λi2 variables are linearly dependent on
one another and can not move independently. Full controllability means that SCM is able to
steer the supply chain to any desired state with procurement, production and pricing.

Master of Science Thesis R. M. Dolman



26 Economic Engineering Model of a Supply Chain
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(3-8)

3-5 Model of a 3-Echelon Serial Supply Chain

In this thesis I consider a multi-echelon serial supply chain model, similar to what has previ-
ously been done in literature [15, 21, 42, 64, 72], to analyze the BWE and to develop SCM
policies that mitigate the BWE. The model is constructed by linking together 3 of the build-
ing block circuits presented in Section 3-3. Markets and manufacturing plants alternate to
create a serial supply chain. The products that flow out of one plant flow into the next plant
as its respective raw materials. Each plant has its own production and its inventories for
raw materials and finished products. Inputs of flows of goods to one of the manufacturing
plants at either the right- or left-hand side of the supply chain are added, resulting in two
separate models, to simulate the model behaviour under the influence of disturbances and
carry out scenario analysis. These inputs are represented by current sources in the electrical
circuit.. The source on the left-hand side represents upstream excess supply and the source on
the right-hand side represents downstream excess customer demand. The disturbance to the
market at the end of the supply chain without an input is assumed to be 0 for the scenarios
that are analyzed in this chapter, illustrated by a wire that closes the circuit on that end.
Figure 3-5 shows the models of a 3-echelon serial supply chain with disturbance inputs at
either end of the supply chain and Appendix A provides the state-space representations of
these models.
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Plant 1 Plant 2 Plant 3

Market 1 Market 2

← Upstream
Supplychain
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Supplychain

Excess Supply Input Market 3
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Figure 3-5: Circuits that represent a 3-echelon serial supply chain are constructed by linking
together 3 individual echelons and placing a disturbance input for the flow of goods at either end
of the supply chain

3-5-1 Tuning the Model

The parameters of the elements in the model of a 3-echelon supply chain must be set such
that the model resembles a real supply chain in order to be able to make conclusions about
the results the model produces. A supply chain that consists of only a single plant per echelon
with only one raw material and one finished product is not found in reality and specific data
for this particular setup is therefore not available. The model parameters can instead be set
according to expert knowledge and by taking average values of data from the manufacturing
plant of VSC in Baleycourt. Through interviews with employees of VSC and by analyzing data
from VSC, general knowledge about supply chain behaviour is obtained and the parameter
values are tuned so that the model displays realistic supply chain behaviour.

Setting the parameters is done in three steps. First, the weight ratio (n) of raw materials
required for the production of finished products is obtained from the BOM. Second, price-
volume data from the markets is taken to determine the price elasticity of excess supply
( 1
L) facing the plant. The price elasticity is often not linear in reality [56] and is therefore
approximated in order to be able to obtain an LTI model. Third, the parameters for the
pricing elements (R), the storage ( 1

C ) and the internal excess supply/demand ( 1
Li
) are set so

that the stocks and orders fluctuate with a period and amplitude that is similar to the cycles
in reality. The result is a model of a 3-echelon serial supply chain that resembles part of a
real supply chain and that can be used for validation of the model structure.

Assumptions for Tuning the Model

Various assumptions are made in determining the structure of the supply chain model and
for setting the parameter values within the model.

• Electrical elements are linear and time-invariant

• Weight ratios for production (n) are set to 1
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• Echelons consist of 1 plant that produce 1 product from 1 material

• Price elasticity ( 1
L) is higher further upstream in the supply chain [56]

• Convenience yield of inventories ( 1
C ) is lower further upstream

• Proportional pricing (R) is lower further upstream [56]

Elements behave linearly and are time-invariant in order to obtain an LTI model. Production
elements use a ratio (n) of 1, so that fluctuations of flows of goods at different locations in
the supply chain can easily be compared with each other without having to take into account
a production conversion ratio. For modeling the principle behaviour of a supply chain, a
single plant with 1 material and product is sufficient. A case study of a real supply chain,
where multiple products and materials are taken into account is presented in Chapter 5. Price
elasticity parameters are set according to expert knowledge instead of market data when data
is insufficiently available. Simon and Fassnacht [56] list a number of reasons that may increase
price elasticity, of which the majority are confirmed by the commercial departments of VSC as
having a larger influence further upstream in their supply chain. Similar reasoning is applied
to the convenience yield and proportional pricing parameter values at different locations in
the supply chain.
Without vertical integration or neighbouring echelons sharing their data, assumptions are
necessary for setting the parameters of a supply chain model [36].
The state-space representations of both models and the list of parameter values for these
models are found in Appendix A.

3-6 Model Validation

The model of a 3-echelon serial supply chain needs to be validated for the purpose of this
thesis so that conclusions can be drawn from the results the model produces. First, I carry
out scenario analysis to show the response of the model to various disturbances. Then, I
quantify the BWE by analyzing the Bode plots of the transfer functions from excess customer
demand to upstream excess supply flows. The results of the scenario analysis and Bode
plot are compared to observations on VSC data. If the model shows expected supply chain
behaviour and the BWE can be simulated with this configuration, the model is validated for
the purpose of this thesis.
State-space representations are derived for the models presented in Section 3-5 and are dis-
cretized for simulation purposes. A time step of 1 week is chosen for discretization, as the
time period of interest for showing the BWE is in the order of months and SCM generally
does not change policies at a higher frequency than weekly, making this sufficiently fast.
The zero-order hold discretization method is used, as the control method presented in Chap-
ter 4 supplies only piece-wise constant control inputs, similar to the behaviour of SCM. The
continuous-time state-space representation for this 3-echelon serial supply chain model are
found in Appendix A.
Subsection 3-6-1 shows the behaviour of the model when subjected to various disturbances in
scenario analysis. Subsection 3-6-2 shows the frequency domain characteristics of the model
and indicates the existence of the BWE with a Bode diagram.
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3-6-1 Scenario Analysis

Scenario analysis is carried out to show the behaviour of the model subjected to disturbances.
The model output is compared to expected supply chain behaviour and data from VSC
provides a practical reference. Appendix B provides graphs of VSC data used in the validation
of the 3-echelon serial supply chain model. Three disturbance types typical to supply chains
are chosen to show the principle characteristics of the model under the influence of disruptions.

First, a temporary decrease in the upstream supply of raw materials is simulated by taking
an extended pulse as disturbance for the upstream excess supply. This scenario shows the
fundamental dynamics of stocks and flows of goods as well as the delays of the responses
between echelons. Typical supply chain behaviour to a temporary decrease in upstream
supply is a decrease in production due to a lack of raw materials. This is followed by a
decrease in supply to downstream echelons when also the product stock levels have dropped.
After the upstream supply is back to its original level, the stocks, production and supply
volumes eventually return back to their original level.

Second, the model is subjected to equally distributed random downstream excess customer
demand. This scenario shows the filter behaviour of the different echelons. The production
and procurement of a manufacturing plant behave strictly according to their policies. Pro-
duction is planned in batches, meaning that the production output fluctuates with a certain
frequency [49]. The same behaviour is seen in procurement, where materials are ordered per
truckload [74]. The result is that each supply chain echelon filters out the frequencies of their
demand that they resonate to as a manufacturing plant.

Third, cyclical demand is used as disturbance for the downstream excess customer demand.
This scenario shows the emergence of the BWE for a specific demand cycle. For certain
frequencies, a supply chain will amplify demand fluctuations [64, 72]. A delayed response
of production and procurement to a change in customer demand results in discrepancies in
the stock levels of materials and products. This discrepancy gives rise to a change in the
price level and an overreaction of procurement, meaning that the echelon located directly
upstream will observe a larger demand change than the original downstream demand change.
Each echelon amplifies the fluctuations of demand [2].

The names as given in Figure 3-5 are used to indicate at what echelon in the supply chain a
measurement is taken.

Scenario 1 - Supply Decrease

Figure 3-6 shows the supply shock input (top left subfigure) and the response of system
outputs to the shock. The input to the model is a temporary decrease in the supply of goods
to plant 1. As a result of this decrease in supply, the raw material (rm) stock of plant 1
drops as production remains at a steady level at first, shown in the top right subfigure. When
raw material stocks decrease, the willingness to produce goes down and production volumes
eventually decrease, which can be seen in the middle left subfigure. The result is a decrease
in the finished product (fp) stock of plant 1, shown in the top right subfigure. The decrease
in finished product stock at plant 1 causes the willingness of plant 1 to supply to decrease,
indicated with the relative price level, displayed in the bottom figure. The excess supply to
the next echelon, plant 2, therefore drops. This causes the price to increase gradually, due to
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proportional pricing, as well as leveling out the products stock over time. The process repeats
for plant 2 and afterwards plant 3 and the supply chain oscillates as it transitions between
excess supply and excess demand. The behaviour of the system, displayed by the response of
the outputs, is in line with general supply chain behaviour in the case of a temporary decrease
in supply, confirmed by supply chain experts of VSC.
The upstream supply decrease precedes the drop in supply from plant 1 to plant 2 and the
supply of plant 2 to plant 3 follows after that. Due to the reactive nature of the elements that
make up the model of a supply chain, a delay is added with each element and each echelon.
The integral relations of storage and excess supply as seen in Figure 3-1 each add a phase shift
of 90 deg. Subsection 3-6-2 also shows the phase shift in Figure 3-9 for each of the echelons.
The delay of the response of each echelon is one of the reasons for the existence of the BWE
within supply chains [2, 29].

Scenario 2 - Random Demand

Figure 3-7 shows the random demand input (top left subfigure) and the response of system
outputs to the random demand. The input signal does not display a specific periodicity as it
is an equally distributed random signal. Cyclical behaviour is observed further upstream in
the supply chain for plants 1 and 2 in their respective production volumes, relative stock levels
and excess supply. This behaviour is caused by the inductor-capacitor pairs that make up
the model of a supply chain. Each pair has a resonance frequency, meaning incoming signals
with that frequency are amplified by the inductor-capacitor pair relative to incoming signals
with a different frequency. The natural frequency of the inductor-capacitor pair is ω = 1√

L·C .
The cyclical behaviour of each echelon displayed in the scenario of random demand is typical
to SCM policies and matches the filter characteristics of a real supply chain.

Scenario 3 - Cyclical Demand

Figure 3-8 shows the cyclical demand input (top left subfigure) and the response of system
to the cyclical demand. As demand fluctuates, each echelon attempts to follow the demand
with their production and orders. The top right subfigure shows that finished product stocks
initially drop due to an increase in customer demand. To counteract the decreased stock level,
production is increased and the materials stock drops as well. This drop in materials stock
decreases the convenience of raw materials, causing increased prices for these raw materials
and an increased supply. When the materials stock is back to its original level, the price and
supply are still causing the stock to rise, making it fluctuate over time. Procurement and
production are overreacting to the changes in stocks in order to get these back to their desired
levels. The result of this overreaction is the amplification of customer demand fluctuations
to oscillations in the supply to the plant. It is the effect of price fluctuation on supply and
stock oscillations and the return effect of excess supply and stock levels on the price that
amplify the BWE even further. Taking this reciprocal effect into account in modeling the
BWE is unique to the economic engineering modeling approach I present in this thesis. The
oscillations with increased amplitude relative to the amplitude of the downstream demand
fluctuations indicate the existence of the BWE. The model displays the BWE in simulation for
multiple echelons in the serial supply chain and the response to fluctuating demand matches
the expected behaviour under this specific disturbance.
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Figure 3-6: Simulation of a supply decrease shows the principle behaviour of the 3-echelon
serial supply chain model. Stock levels (top right) initially decrease and eventually return to
normal, production volumes (middle left) and supply volumes (middle right) aim to restore the
inventory imbalances and relative price levels (bottom) move with the excess supply in the market
in question. The indications ’rm’ and ’fp’ refer to raw material and finished product, respectively
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Figure 3-7: Simulation of equally distributed random downstream customer demand demon-
strates the filter behaviour of the 3-echelon serial supply chain model. Production volumes (mid-
dle left) and supply volumes (middle right) oscillate at specific resonance frequencies filtered out
from the random demand signal. The indications ’rm’ and ’fp’ refer to raw material and finished
product, respectively
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Figure 3-8: Simulation of cyclical downstream customer demand shows the existence of the
Bullwhip Effect in the 3-echelon serial supply chain model. The oscillations of production (middle
left) and supply (middle right) volumes have larger amplitude than the incoming demand signal,
indicating amplification of demand fluctuations at this particular frequency. The indications ’rm’
and ’fp’ refer to raw material and finished product, respectively
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Figure 3-9: The Bode diagram of transfer functions from downstream excess demand to upstream
excess supply quantifies the magnitude of the Bullwhip Effect for each resonance frequency. The
Bullwhip Effect exists in ranges where the gain reaches above the 0 dB level, most noticeably at
the resonance frequency peaks. The phase quantifies the relative lead time, with plants further
away from the downstream demand having longer lead times than those closer to it

3-6-2 Frequency-Domain Analysis

The frequency response of the 3-echelon serial supply chain model is analyzed to validate the
model’s ability to produce the BWE. The Bode diagram for the transfer functions from excess
customer demand to excess supply for several upstream supply chain members is chosen to
observe the existence and effect of the BWE. This method is also used by [9] and [64] to
analyze the BWE in their supply chain models. The gain plot of a Bode diagram enables
quantifying the BWE so that the model can be validated for the purpose of this thesis.

Figure 3-9 displays the amplification of oscillations for each demand cycle in the upstream
excess supply in the top subfigure and the relative lead times or phase lag in the bottom
subfigure. Six peaks are observed in the top subfigure for the supply to each of the plants in
the 3-echelon supply chain model. Each peak indicates a demand cycle frequency at which one
of the plants or markets resonate. This resonance is the result of a excess supply-storage pair,
or inductor-capacitor pair, and causes amplification of the oscillations of demand at a specific
frequency range. The three peaks in the lower frequency range correspond to the resonance
frequencies in the market. The three peaks in the higher frequency range correspond to
the resonance frequencies of the production of the plant. The higher the peaks in the top
subfigure, the larger the BWE for the plant in question.

The bottom subfigure shows larger relative lead times for the plants further upstream in the
supply chain with respect to the downstream customer demand. The lower the line, the longer
the relative lead time. To obtain the actual delay, the phase lag is divided by the frequency
at which it is measured. An upstream supply chain member will always take a longer time
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Figure 3-10: The Bode diagram quantifies the magnitude of the Reversed Bullwhip Effect in
Pricing in the 3-echelon serial supply chain. The Reversed Bullwhip Effect in Pricing exists for
the range of frequencies where the gain in the magnitude plot is larger than 0 dB. The phase
quantifies the relative lead time, with plants further away from the upstream price change having
longer lead times than those closer to it

to respond to changes in downstream customer demand than a supply chain member that is
part of an echelon closer to the origin of the demand. This reactive nature is due to policies
only acting locally and the lack of information sharing between supply chain members. This
inherent order of response to changes in downstream customer demand is displayed by the
lines in the bottom subfigure that do not cross and are stacked in order of closeness to the
downstream demand from top to bottom. Plant 3 is closest to the downstream customer
demand and is therefore the first to react to it.

In Chapter 4 a control method is developed to decrease the peaks in the gain plot of the Bode
diagram from Figure 3-9 so that the BWE is mitigated.

Additionally, I quantify the Reversed Bullwhip Effect in Pricing (RBP) with the use of a
Bode diagram. Similar to how the regular BWE is measured in the magnitude plot of a
Bode diagram, the RBP can be measured using the transfer functions from upstream price
changes to downstream price changes. Figure 3-10 shows the amplification of upstream price
changes to downstream price changes for the 3 markets in the supply chain. The peaks in the
magnitude plot of the Bode diagram indicate the RBP in a frequency range that is similar to
the range that the regular BWE is largest in. The amplification of price changes may result
in larger amplification of the BWE as price fluctuations are one of the main causes of the
BWE [29, 45]. The Bode diagram is a new method for quantifying the RBP and can now be
used because of the inclusion of price dynamics in the supply chain model.
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3-7 Conclusions

The economic engineering model of a supply chain is effective at quantifying the effects of
dynamic supply chain disruptions on the flow of goods through a supply chain. The building
blocks of a manufacturing plant and an external market allow for easy construction of complex
supply chain configurations. Economic engineering enables the inclusion of price dynamics
in the supply chain model. This means that the reciprocal effect of fluctuating prices on
the BWE can be taken into account in the analysis of the BWE. The outputs of the model
display typical supply chain behaviour under the influence of disturbances and Bode diagrams
quantify the BWE for each echelon. The results of the scenario analysis and frequency-domain
analysis prove the validity of the supply chain model for the purpose of this thesis.

The model of a 3-echelon serial supply chain designed in this chapter is used in Chapter 4
as a basis for the development of a control method that mitigates the BWE. In Chapter 5
a simulation study is carried out for the BWE in the supply chain of VSC, demonstrating
the effectiveness of the modeling method presented in this chapter and the control method
from Chapter 4. The building blocks designed in Section 3-3 are used to construct a model
of a part of the VSC supply chain and controllers are developed to mitigate the BWE in that
specific part.
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Chapter 4

Mitigating the Bullwhip Effect using
PID Control

4-1 Introduction

In this chapter I show how the Bullwhip Effect (BWE) is mitigated in the 3-echelon serial
supply chain from Chapter 3 using PID control. The control method serves as Supply Chain
Management (SCM) policy, acting locally as procurement, production planning and pricing.
PID control is chosen specifically because of its interpretability, its close match with a man-
ager’s behaviour and its ability to lower the peaks in the Bode diagram shown in Chapter 3 in
Figure 3-9, mitigating the BWE. By tuning the controllers’ parameters, the amplification of
demand oscillations is decreased. The PID policies can be applied in the actual supply chain
after they have been tuned to a satisfactory level in order to counteract the BWE in real life.
The remainder of this chapter is structured as follows. Section 4-2 shows the application of
PID control as SCM policy to the 3-echelon serial supply chain from Chapter 3. Sections
4-3, 4-4 and 4-5 elaborate on the three PID controllers that I use to mitigate the BWE in
the 3-echelon serial supply chain. I provide interpretation of the controllers’ elements and
explain the influence of the control action on the BWE. In Section 4-6 I tune the controllers’
parameters so that the oscillations throughout the supply chain are decreased. Section 4-7
shows the results of using PID control for the serial supply chain in the time- and frequency
domain. I provide managerial insight based on these results in Section 4-8. The results and
insights are discussed in Section 4-9. In Section 4-10 I conclude that PID control can be
used to mitigate the BWE in a multi-echelon serial supply chain by applying it as policies for
procurement of raw materials, production planning and finished product pricing.

4-2 Supply Chain Management as PID Controllers

In this chapter, I introduce PID control as representation of SCM. Procurement of raw
materials, production planning and finished product pricing are chosen as controlled processes,
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Procurement Production
Pricing

Plant 1 Plant 2 Plant 3Market 0 Market 1 Market 2 Market 3

Figure 4-1: Procurement, production planning and pricing are modeled as individual PID con-
trollers in the 3-echelon serial supply chain

as explained in Chapter 3. The three elements of PID control each represent different aspects
of management policies. The proportional element acts on the current state of the system,
while the integral action looks at the past and the derivative action anticipates on the future
states of the system [13]. In real supply chains, management often take into account more
than these three aspects, as supply chains are heavily constrained, time-variant and nonlinear.
However, the LTI model designed in Chapter 3 allows for the use of interpretable PID control,
which is effective at reducing oscillations and therefore fits the goal of mitigating the BWE.
This section explains the general functionality of the PID control as applied to the supply
chain.

Figure 4-1 shows the labelled electrical elements for the three locations at which PID control
is applied to the supply chain. Procurement and Production control the flow of goods into
Plant 2 and out of the production of Plant 2, respectively. Pricing controls the price change
of finished products of Plant 2. Only the flows and price changes of Plant 2 are controlled in
this scenario.

The structure and placement of the controller elements define its effect and functionality.
In case the flow of goods is controlled, the controller elements are placed in parallel, while
they are placed in series when the price change is controlled. The elements in parallel all
receive the same voltage, which corresponds to a price change, and outputs a current, which
translates to a flow of goods. The elements in series function precisely the other way around
and output a voltage as a reaction to the current they receive. The interpretation and effect
on the BWE are presented in Sections 4-3, 4-4 and 4-5.

PID control bases its controller output on the current, historic and expected measurement
[13]. The P-action takes the current value of the measured input and multiplies it with the
corresponding element’s parameter to obtain the control output. The I-action takes the sum
of all past values of the measured input and multiplies it with the corresponding element’s
parameter. The D-action takes the first time-derivative of the measured input, based on
the current and previous measurement, and multiplies it with the corresponding element’s
parameter. The functionality of the three elements matches a manager’s behaviour, taking
into account past, present and future system states to determine its actions. What element
fulfills what function is dependent on the purpose of the controller, whether it controls a flow
of goods or a price change.

The PID controllers mentioned in this chapter are formulated in discrete-time as the model
from Chapter 3 and the simulations in this thesis are also in discrete-time.
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4-3 Procurement of Raw Materials

Procurement of raw materials concerns controlling the flow of goods into Plant 2. The con-
troller outputs a flow of goods based on the price change in Market 1. This price change is
the cause of the finished product inventory levels of Plant 1, the raw materials inventory of
Plant 2 and the excess supply in Market 1, so if these measurements are available they can
be used instead. The P, I and D elements of the procurement controller each give separate
outputs that are summed up to obtain the total control output. The sum of the excess supply
and the procurement output is the total flow of goods that enters Plant 2.

The PID controller for procurement is interpreted as the policy that dictates the desired flow
of goods into the manufacturing plant. The controller is depicted in Figure 4-2 with the
controller elements labelled. The elements that make up the controller are listed in Table 4-1
together with their interpretation.

P

I

D

Figure 4-2: PID controller for raw materials procurement

Element Interpretation
P Price anticipation
I Demand for raw materials
D Price change anticipation

Table 4-1: Interpretation of the PID procurement controller elements

The controller output is calculated as

Iproc = kPVsup + kI
∑

VsupT + kD
∆Vsup
T

(4-1)

Iproc is the relative flow of goods from procurement, Vsup the price change in the market for
raw materials, T the sampling time (1 week in the case of this thesis) and kP , kI , kD are the
controller parameters.

All three elements of the PID procurement policy take the price change of raw materials in
the market as their input to determine the procurement flow of goods. The P-action takes
this price change directly and decides how much to order proportional to this price change.
As the price change is determined partially by the inventory level of raw materials, the P-
action is related to the order-up-to policy that is common in inventory management. The
I-action sums up the price changes of all past periods, resulting in the price in the market

Master of Science Thesis R. M. Dolman



40 Mitigating the Bullwhip Effect using PID Control

relative to some initial price. The desired flow of materials is obtained by multiplying this
relative price with the integral gain. The calculation of the procurement flow of goods based
on the price level follows the demand curve [66], similar to excess supply in Section 3-2. The
D-action divides the difference in price change over the last period by the sampling time. The
anticipated price change is then obtained and multiplied with the derivative gain. In practice
such behaviour is not observed often for procurement in supply chains, although speculations
on system states could speed up the system’s response [13]. Together with the excess supply
in the market, the three elements output the desired flow into the manufacturing plant.

The PID procurement controller aims to smooth out the flow of goods into the manufacturing
plant and improve the response to fluctuations in the stock levels. Due to the added propor-
tional control action, the flow into the plant is returned to its original equilibrium level more
quickly. This also means that supply fluctuations are damped out more quickly and thus the
BWE is decreased. The integral action ensures that procurement eventually ends up at this
equilibrium level with no steady-state error. The I-action is unsuccessful at smoothing out
fluctuations however and therefore does not serve well for mitigating the BWE. However, the
resonance frequency of the excess supply-storage pair at the procurement side of the plant can
be altered by tuning the integral gain so that it is located at a frequency that is less common
in the incoming demand signal. The speed of the response is improved with the derivative
action. The D-action also aids in adding stability to the system, but makes the system more
sensitive to noise in the market. For this thesis, no noise is added so this side-effect does not
have to be taken into account although it might be important for further studies. The purpose
of the elements together is to decrease the fluctuations of supply to the manufacturing plant
and thus mitigate the BWE.

4-4 Production of Finished Products

Production is controlled so that the inventories of finished products and raw materials are
balanced and at a desired level. The controller decides the flow of goods that comes out of
production based on the inventory levels of materials and products. The sum of the internal
supply of finished products and the output from the PID production controller is the total
flow of goods that comes out of production.

The PID controller for production is interpreted as the policy that plans the desired flow of
goods out of production. The controller is depicted in Figure 4-3 with the controller elements
labelled. The elements that make up the controller are listed in Table 4-2 together with their
interpretation.

P

I

D

Figure 4-3: PID controller for finished products production
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Element Interpretation
P Inventory balancing
I Long-term inventory balancing
D Inventory change anticipation

Table 4-2: Interpretation of the PID production controller elements

The controller output is calculated similarly to that of the procurement PID controller as

Iprod = kPVfp + kI
∑

VfpT + kD
∆Vfp
T

(4-2)

Iprod is the relative flow of goods out of production, Vfp = nCrmqrm − Cfpqfp is the internal
price change of finished products, calculated from the inventory levels of finished products
and raw materials, n is the weight ratio of raw materials to finished products from the Bill of
Materials (BOM), C is the convenience yield of holding goods in storage, T is the sampling
time and kP , kI , kD are the controller parameters.

The three elements of the PID production policy take the internal price change as their input
to determine the desired flow of goods out of production. The internal price will be non-
zero when the inventories are out of balance, meaning their conveniences are unequal. The
P-action takes the imbalance directly and multiplies it with the proportional gain to obtain
the desired flow of products that balances inventories directly. The I-action sums up the
imbalance over time to know if a longer-term imbalance has existed. The sum is multiplied
with the integral gain to determine the flow of goods out of production that counteracts
the long-term imbalance. The D-action takes the change in imbalance over the past period
and divides it by the sampling time to obtain an approximation of the time derivative of
the inventory balance. This time derivative is then multiplied with the derivative gain to
get the flow of products that balances inventories through anticipation of inventory changes.
Summed with the internal supply, the outputs of the PID controller elements determine the
flow of finished products out of production.

The PID production controller aims to smooth out the production inside the manufacturing
plant to decrease the fluctuations of the stock levels and keep them close to their desired
level. The proportional action added by the PID controller makes the stock levels return to
their desired levels more quickly instead of letting them oscillate. In case the inventories are
out of balance, the P-action immediately steers production so that the imbalance is resolved.
This way, the fluctuations of stock levels are directly reduced. The integral element of the
controller may change the resonance frequency of production inside the plant so that it is at a
frequency that does not coincide with that of the supply or demand of the plant. Besides this
change, the I-action does not decrease the fluctuations and is not successful at counteracting
the BWE. The derivative action increases the response of production to changes in the
inventory levels. Similar to the D-action for procurement, this does make the system more
sensitive to noise. The three controller elements together decrease the oscillations inside the
manufacturing plant and mitigate the BWE for inventories.
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4-5 Finished Product Pricing

Pricing of finished products involves changing the price of a product to be sold to a customer.
The controller outputs a price change based on the demand in Market 2. The sum of propor-
tional pricing, the conveniences of the inventories connected to the markets and the controller
output is the total price change for finished products. Reducing the fluctuations of prices is
essential for mitigating the BWE as it is listed as one of the main causes of the BWE [29].

The PID pricing controller is interpreted as the policy that adjusts the prices of finished
goods. The controller is depicted in Figure 4-4 with the controller elements labelled. The
elements that make up the controller are listed in Table 4-3 together with their interpretation.

P I D

Figure 4-4: PID controller for finished product pricing

Element Interpretation
P Proportional pricing
I Long-term pricing
D Anticipatory pricing

Table 4-3: Interpretation of the PID pricing controller elements

The controller output is calculated as

Vpri = kP Idem + kI
∑

IdemT + kD
∆Idem
T

(4-3)

Vpri is the price change, Idem the excess customer demand, T the sampling time and kP , kI ,
kD are the controller parameters.

The pricing controller elements take the excess customer demand as input to calculate the
price change for the finished products. This excess demand is how much the customer demand
deviates from the demand in the case the market is in equilibrium. The P-action attempts to
bring the market back to this equilibrium directly. Any fluctuations in the customer demand
are steered back towards the equilibrium by pricing proportionally to the excess demand.
This functions the same as the proportional pricing presented in Chapter 3 in Section 3-2.
The I-action steers the demand back to equilibrium in the long term and makes sure there
is no steady-state error. This phenomenon is uncommon in real supply chains as often the
production is adjusted to cope with a long-term change in demand instead of attempting to
influence demand itself. I refer to it as long-term pricing because it acts to influence the long-
term state of the market. The excess demand is summed over time to obtain a virtual backlog
and multiplied with the integral gain to get the price change to counteract long-term market
imbalance. The D-action changes the price based on the change in demand. It anticipates
change in demand and adjusts the price of the finished product to decrease the deviation
of demand from market equilibrium. The approximated first time-derivative of the demand
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is taken and multiplied with the derivative gain to obtain the price change that anticipates
customer demand changes. The sum of the outputs of the controller elements, together with
the conveniences of surrounding storage and the original proportional pricing determine the
total price change for finished products.

The PID pricing controller aims to decrease the fluctuations in customer demand by reducing
price changes in the finished products market. The proportional action of the controller
directly decreases excess demand oscillations by adjusting the price opposite to the change
in demand. As the BWE starts with fluctuations in demand, the P-action acts on the source
of the BWE. The excess demand is controlled towards 0 in the long run due to the integral
action. The I-action is unsuccessful at reducing oscillations themselves, but may alter the
resonance frequency of the market for finished goods. This way, the resonance frequency
does not coincide with a dominant customer demand cycle and the BWE can be avoided.
The derivative action improves the speed of the pricing response to changes in the customer
demand but makes the pricing process more sensitive to noise in the customer demand signal.
The three elements of the pricing controller together try to take away the cause of the BWE
by reducing the oscillations of customer demand.

4-6 Tuning the PID Controllers

I tune the controller parameters for the three PID controllers manually with the use of a
Bode diagram that shows the amplification from downstream customer demand to upstream
supply. Each controller acts on a different part of the supply chain and therefore has a different
effect on the frequency response of the system. The goal is to find controller parameters that
decrease the peaks in the magnitude plot to just below the 0 dB line, while keeping the phase
lag as small as possible.

The order that I tune the controller parameters in is: Pricing→ Procurement→ Production.
However, the tuning process is iterative as the parameters of each controller influence the
behaviour of the supply chain as a whole and therefore also the complete frequency response.

4-6-1 Finished Product Pricing

First I tune the pricing controller’s parameters, as the pricing controller is concerned with
reducing the origin of the BWE and is therefore most effective for the supply chain as a whole.
The proportional gain has the largest effect on the gain, while the derivative gain aids slightly
in keeping the phase lag small for the higher frequency range. The parameter values that I
found are listed in Table 4-4.

Parameter Parameter Value
kP 4.4
kI 3.7 · 10−4

kD 2.1 · 10−2

Table 4-4: Pricing controller parameter values
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Parameter Parameter Value
kP 6.1 · 103

kI 30
kD 1.0 · 10−10

Table 4-5: Procurement controller parameter values

Parameter Parameter Value
kP 97
kI 1.9
kD 1.0 · 10−10

Table 4-6: Production controller parameter values

It must be noted that the integral gain of the controller is tuned so that is has nearly negligible
influence. This means that PD control is essentially used instead of PID control. Increasing
the integral gain of this specific controller results in a non-zero negative steady-state gain in
the transfer function from downstream demand to supply volumes further upstream in the
supply chain, undesirable for the overall supply chain behaviour.

4-6-2 Procurement of Raw Materials

Second I tune the procurement controller’s parameters, as the procurement controller acts
on the critical symptom of the BWE, namely the oscillations in supply to the manufacturing
plant. The effect of the procurement controller is mostly noticeable for the resonance peaks
that correspond to the raw materials market, as expected. The proportional gain directly
decreases the peak in the magnitude plot, while the integral gain increases the resonance
frequency of the market. The parameter values that I found are listed in Table 4-5.

It must be noted that the derivative action is tuned to have a negligible effect on the system.
PI control is therefore essentially used instead of PID control. Increasing the derivative gain
results in a similar non-zero negative steady-state gain as with the pricing controller, although
now as a result of the derivative action instead of the integral action of the controller.

4-6-3 Production of Finished Products

Finally I tune the production controller’s parameters. The effect of the production controller
is on the higher frequency range, where the resonance frequency of the production of the plant
is located. The proportional gain decreases the peak in the magnitude plot directly and the
integral gain increases the resonance frequency. The parameter values that I found are listed
in Table 4-6.

Similar to the procurement controller, the derivative action is tuned to have negligible effect
on the system as it results in a non-zero steady-steady state gain for the transfer function
from downstream demand to supply volumes further upstream in the supply chain.
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Figure 4-5: Bode diagrams show the frequency response comparison for the Bullwhip Effect
between the controlled and uncontrolled system. The controlled system (orange) has a lower gain
for the largest part of the relevant frequency range, indicating Bullwhip Effect mitigation

4-7 Results of Implementing PID Control as Management Policies

The results of using PID control for mitigating the BWE are analyzed in the frequency-domain
and the time-domain. First, Bode diagrams are taken to observe the decrease in amplification
for the resonance frequencies of the manufacturing plant that I apply control to. Then, the
scenario of fluctuating demand from Chapter 3 Section 3-6 is simulated again to demonstrate
the effect of the controllers on the outputs of the system.

4-7-1 Frequency-Domain Analysis

The effect of the PID controllers on the BWE over the complete frequency range is observed
in Bode diagrams for the transfer functions from downstream excess customer demand to
upstream supply for each plant. The Bode diagrams in Figure 4-5 show the comparison
between the uncontrolled system and the system with PID control policies.

The magnitude plots of the Bode diagrams clearly display the difference in demand ampli-
fication between the uncontrolled and the controlled system. The amplification for all three
plants in the controlled case is at or below the 0 dB level at all frequencies. The peaks that are
still visible in the magnitude plots are the result of resonance frequencies in the other plants
that have not been resolved or moved by applying a PID policy to the relevant process. As
all supply chain members contribute to the BWE, they all need to work together to mitigate
it [47]. Appendix C shows the effect on the frequency-response when all 3 plants implement
PID policies for their SCM actions. The attenuation of demand oscillations in the frequency
range of 4 · 10−2 to 1.5 · 10−1 cycles per week means that there is only a very small response
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to demand within that specific range. This might cause issues with the stock levels for raw
materials and finished products in Plant 3, as they are not restocked at a rate that is in line
with the customer demand and the production volume. Appendix D shows the frequency
response from customer demand to Plant 3 stock levels to demonstrate this issue. Subsection
4-7-2 shows the response of the stock levels and other outputs of the system in the case of
cyclical demand at a chosen frequency. The policies used for Plant 2 are able to sufficiently
decrease the amplification of demand so that the peaks caused by resonance frequencies in
other markets are of lower influence to the supply chain as a whole. The result of using PID
control for procurement, production and pricing is that the BWE is no longer present in the
serial supply chain.

The phase plots of the Bode diagrams indicate minor differences in phase for the largest
part of the frequency range between the controlled and uncontrolled system. The controlled
system shows a higher phase lag in the lower frequency range and a lower phase lag in the
higher frequency range. The difference in phase is smallest for the supply to Plant 3 as no
control influence is directly acting on the processes between customer demand and supply
to Plant 3 and Plant 3 is only indirectly influenced by the added controllers. The supply to
Plant 1 and 2 on the other hand do show larger differences especially in the higher frequency
range, caused by the added phase from the derivative element of the PID controller. This
indicates that the use of PID policies improves the supply response of Plant 2 to fast changing
demand. The use of PID control results in better lead times for customer demand at higher
frequencies and has only minor negative effect on the lead times at low frequencies.

Additionally, I compare the Reversed Bullwhip Effect in Pricing (RBP) of the controlled
system with that of the uncontrolled system with the use of Bode diagrams. Figure 4-6 shows
the amplification of upstream price changes to the price changes in markets throughout the
supply chain. The leftmost subfigure shows the largest attenuation of price changes for the
prices in Market 1. This means that the prices in Market 1 will remain nearly constant,
ignoring the price changes in the upstream market for the largest part. The price changes in
the other markets are amplified less and even attenuated with control for the largest part of
the relevant frequency range. The phase lag of the price changes in the controlled system are
similar to or slightly smaller than those in the uncontrolled system. The application of PID
control to the serial supply chain results in near complete elimination of the RBP, which in
turn reduces the BWE as the fluctuation of prices is one of its main causes [29, 46].

4-7-2 Scenario Analysis

The effect of using PID control on the supply chain is shown by simulating the scenario of
cyclical demand from Chapter 3 Section 3-6 for the controlled system. Figure 4-7 displays
the outputs of the system and the cyclical demand input.

The subfigures of the system outputs all show low amplitude oscillations and no amplification
of the downstream excess customer demand. The fluctuations of excess demand are even
attenuated to result in nearly constant supply volumes, as can be seen in the middle right
subfigure. The relative prices are kept nearly constant in Market 2, shown in the bottom
subfigure, resulting in a steady supply to Plant 3. This steady supply means a steady demand
for Plant 2 and so the origin of the BWE is taken away from this part of the supply chain. The
relative production volume of Plant 2, shown in the middle left subfigure, follows the demand
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Figure 4-6: The Bode diagrams show the comparison between the controlled and uncontrolled
system in terms of the Reversed Bullwhip Effect in Pricing. The lower gain in the magnitude plot
indicates a decrease in the Reversed Bullwhip Effect in Pricing for the largest part of the relevant
frequency range

to Plant 2 and Plant 1 follows in its supply and production levels after a delay as well. As the
supply and the production of Plant 2 are steady, the finished products stock level of Plant
2 also oscillates very little. This in turn decreases the fluctuations of the prices of finished
products, attenuating the BWE even further. The attenuation (instead of amplification) of
oscillations clearly indicates that there is no BWE in the supply chain for this specific demand
cycle, where without control there was.

The stock levels and production volume of Plant 3 still oscillate with the excess downstream
demand. In order to further decrease these oscillations, PID control needs to be used for the
policies of Plant 3 as well. The effect of using PID control for all echelons in the supply chain
is presented in Appendix C.

4-8 Managerial Insight for Mitigating the Bullwhip Effect

The use of PID control for mitigating the BWE leads to quantifiable policies that SCM
can use in a real supply chain to decrease the amplification of demand fluctuations. After
obtaining a viable policy that counteracts the BWE by experimenting with the controller
parameter values, SCM can take the policies to directly calculate the optimal procurement and
production volumes as well as the optimal finished products price change for the upcoming
period. The measurements of stock levels and prices required for the calculation of these
optimal values are readily available in a real supply chain. The outputs of the policies, as in
Eq. (4-1), Eq. (4-2) and Eq. (4-3), should be used as weekly setpoints for SCM to steer their
daily procurement, production and pricing to.
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Figure 4-7: Simulation of cyclical downstream customer demand for the controlled supply chain
shows attenuation of oscillations for all outputs as a result of applying PID control as management
policies to the supply chain. The indications ’rm’ and ’fp’ refer to raw material and finished
product, respectively
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The proportional action is most effective in decreasing the amplification of demand fluctu-
ations in all policies. Each part of the supply chain benefits from acting directly on the
deviations from desired stock levels and prices or from equilibrium customer demand. Taking
direct actions for procurement, production and pricing reduces the time delays to respond to
changes in customer demand, as is also presented by [73].

SCM generally increases the BWE by delaying their reaction to changes in customer demand
and overcompensating to the resulting discrepancy. This is shown by the parameter value of
the integral action in the pricing policy that is tuned so that the effect of long-term pricing
is negligible in the total policy. Chapter 5 also shows that decreasing the integral gain of the
controllers reduces the BWE. SCM should therefore take into account the pipeline behaviour
of a supply chain and not overcompensate to past imbalances, as is also suggested by [73].

In the context of raw materials procurement, the integral action is closely related to shortage
gaming. When suppliers ration their supplies for a prolonged period of time, customers tend
to inflate their orders to receive what they desire [49]. Their orders only return to their actual
demand when the supply imbalance is resolved. Shortage gaming is seen as one of the key
sources of the BWE [14, 29, 31, 39] and should therefore be avoided.

The PID pricing policy resembles the every-day-low-pricing policy that is recommended by
[5, 25, 47]. By keeping the prices close to the market equilibrium, the demand for finished
products is kept at a steady level. The low fluctuations of finished product prices decrease
the BWE significantly.

The PID procurement policy outputs volume setpoints that may violate general order batching
procedures, in order to mitigate the BWE. The policy does not take into account specific
fixed order costs that may lead to order batching. Instead, it outputs simply the volume
that should be ordered to avoid the amplification of excess demand. The policy’s output can
be interpreted as advising against order batching, which is listed by [29] as one of the main
causes of the BWE.

The production policy’s output recommends to balance inventories as quickly as possible to
keep the stock levels close to their desired level. By keeping the stock levels relatively constant,
the reaction of the procurement and pricing department is decreased. These departments tend
to overreact to near stock-outs or when stocks are completely full. By avoiding these scenarios,
the amplification of excess demand oscillations is decreased. The improvement of a plant’s
inventory policy is also named by [2] as a solution to the BWE.

4-9 Discussion

The current PID control approach for finding SCM policies to mitigate the BWE is limited
in a number of ways. This section lists the shortcomings of the current approach in its
applicability to a real supply chain.

PID control does not take into account constraints

One of the downsides of using PID control as policy for SCM is that it can not take into
account constraints on the system. Constraints on storage and production capacity dictate
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the planning of production. A plant can only produce a maximum (or even fixed) volume of
products per period and cannot produce multiple different products on the same line at the
same time. Procurement also suffers from similar constraints, such as the need to order a fixed
amount like a full truckload at a time. The result of such constraints is order batching and
batch process manufacturing. Chapter 7 recommends the use of Model Predictive Control
(MPC) to include constraints in the controlled system and resolve this issue.

PID control does not minimize costs or maximize profits

While decreasing the BWE generally results in lower costs for SCM [5], the goal of imple-
menting the PID policies is not to minimize costs or maximize profits itself. SCM aims to
reduce systemwide costs [55], which may be the result of the BWE but do not necessarily
have to be. PID control can only aim to optimize the flow in the supply chain and does
not ’know’ whether it maximizes the profits of the manufacturing plant. Decreasing order
batching, as the PID policies’ outputs recommend, increases the direct costs of procurement
and by keeping the prices constant the opportunity to make extra profit is possible missed
out. MPC is again recommended to maximize the profits of the manufacturing plant, which
is described in Chapter 7.

A real supply chain structure is larger and more complex

The structure of a real supply chain is more complex than the 3-echelon serial structure of the
model that is used in this chapter. Multiple products and materials are generally used in a
manufacturing plant and there are usually multiple suppliers and customers per material and
product, respectively. The serial supply chain model does not take these multidimensional
effects into account. Furthermore, a supply chain may be much longer than 3 echelons, with
each echelon amplifying their respective incoming demand signal. An increased number of
suppliers, customers, echelons and types of goods will result in a higher dimensional system,
more resonance frequencies of markets and production that may give rise to the BWE, more
overall amplification of demand fluctuations and the need for more data or estimations to
fit the model’s parameter values. Chapter 5 presents a case study of a section of the Valtris
Specialty Chemicals (VSC) supply chain that contains multiple products and materials and
shows the BWE.

4-10 Conclusions

The PID control policies for raw materials procurement, production of finished products
and finished products pricing together mitigate the BWE in the serial supply chain. Taking
direct action on deviations from desired system states is most effective for decreasing the
amplification of demand fluctuations. The policies’ outputs recommend every-day-low-pricing
and advise against order batching or batch manufacturing. Tuned controllers can directly be
used by SCM as setpoints for their procurement, production and pricing processes to mitigate
the BWE in the real supply chain.
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Care should be taken with the direct implementation of the policies’ outputs as PID control
does not optimize for profits and does not take into account specific supply chain constraints.
It is therefore advised to use the outputs as guidelines instead of exact prescriptions.
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Chapter 5

Simulation Study: A Section of the
Valtris Specialty Chemicals Supply

Chain

5-1 Introduction

In this chapter I apply the systems and control framework developed in Chapters 3 and 4 to
a section of the Valtris Specialty Chemicals (VSC) supply chain in order to find management
policies that mitigate the Bullwhip Effect (BWE) in their supply chain. VSC experiences
negative effects of the BWE at several locations in their supply chain and desires method to
counteract the BWE. I model 2 finished products and the 3 materials that they are manufac-
tured with, with their respective storage, production and markets, using PID controllers for
procurement and production. The names of the products and materials will not be displayed
due to confidentiality obligations, rather ’material 1’ or ’product 1’ is used as naming con-
vention. The model shows the existence of the BWE after the model is tuned to VSC data.
By adjusting the controllers’ parameter values, a policy is obtained that mitigates the BWE
in a section of the VSC supply chain.

The rest of this chapter is structured as follows. Section 5-2 provides background information
on the section of the VSC supply chain that I apply the developed framework to. In Section 5-
3 I design a model of this section of the supply chain using the building blocks introduced in
Chapter 3, include PID control as proposed in Chapter 4 and tune the model and controller
parameter values to VSC data. Section 5-4 shows how to adjust the controllers’ parameter
values to obtain a policy that mitigates the BWE and presents the results of the new policy
on the controlled system. I conclude in Section 5-5 that PID control is effective at mitigating
the BWE in a real supply chain.
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Figure 5-1: Schematic of the Valtris Specialty Chemicals supply chain, which consists of multiple
echelons that each contain multiple supply chain members

5-2 The Valtris Specialty Chemicals Supply Chain

The VSC supply chain consists of multiple echelons with multiple supply chain members in
each echelon. VSC manufactures esters, which are commodity goods used in the production
of lubricants and plastics. Their raw materials consist mainly of alcohols and acids, although
some additives and utilities are also required to manufacture the esters. As is the case in
most supply chains, the VSC manufacturing plant obtains its raw materials from different
suppliers and sells its products to different customers. These suppliers and customers are not
the first supplier in the chain or the end customer, meaning that the supply chain that VSC
is a member of is at least 5 echelons long. The fact that for each material there are multiple
suppliers and for each product multiple customers means that the supply chain is not strictly
serial, but rather a complex network. The structure of the VSC supply chain is illustrated in
Figure 5-1.
Different products of the VSC plant are manufactured from the same set of materials. To
produce an ester, an alcohol and an acid are required. The same alcohol can be mixed with
different acids and vice versa to get different esters. As the production of an ester requires
both the alcohol and acid in a fixed ratio, the stock-out of a specific acid may result in stopping
the production of the ester it is used in and therefore also stopping the procurement of the
alcohol for that ester. This means that the products and materials are connected through
production and influence each other’s procurement, production and pricing.
The management of the VSC manufacturing plant influences the behaviour of the supply chain
through procurement, production and pricing. Supply Chain Management (SCM) carries out
these management processes separately from each other, with different policies for each one.
Every product and material is procured, produced and sold according to a separate policy.
The management actions that result from the policies are based on measurements taken from
several locations in the supply chain. These measurements include but are not limited to
stock levels, prices, expected supply/demand and the costs of processes within the plant.
The policies are often not a linear relationship between the measurements and the actions,
but rather a non-linear, constrained, time-varying process that also partially depends on the
professional opinion of the supply chain manager in question.
A section of the VSC supply chain in which the BWE exists is chosen as a case study. The case
is limited to 3 materials and 2 products that VSC have used for a period that is sufficiently
long that data is available to perform simulations with and tune the model to. In this period,
the chosen section of the VSC supply chain shows signs of the BWE. Data of the weekly sales
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and orders volumes is taken for a period of 39 weeks and the variance ratio is calculated as in
[4, 5]. Table 5-1 lists the variances of the supply and demand data and the ratio of variances
for each pair. The existence of the BWE is indicated by variance ratios larger than 1 for a
material-product pair.

Material-Product Pair Variance Ratio
Product 1 - Material 1 V ar(rm1)

V ar(fp1) = 1558.2
687.5 = 2.27

Product 1 - Material 2 V ar(rm2)
V ar(fp1) = 614.6

687.5 = 0.89
Product 2 - Material 2 V ar(rm2)

V ar(fp2) = 614.6
157.5 = 3.90

Product 2 - Material 3 V ar(rm3)
V ar(fp2) = 191.9

157.5 = 1.22

Table 5-1: The variance ratios larger than 1 indicate the existence of the Bullwhip Effect in the
section of the Valtris Specialty Chemicals supply chain

The variance ratios with material 2 are less relevant for the purpose of detecting the BWE.
Material 2 is used for both the products in this case study and for a few other products that
are outside of the scope of this case study. The calculation of the aggregated BWE would
require the use of data outside of this scope [14]. The variance ratios for materials 1 and 3
are relevant and accurate as these materials are used solely in the production of products 1
and 2, respectively.
The variance ratio for the pairs with the materials 1 and 3 are both larger than 1, indicating
the existence of the BWE. The weight ratio used for production is not accounted for in these
variance ratios. As this weight ratio is smaller than 1, the variance ratio will be even larger
when the supply volume variance is compensated with this weight ratio.

5-3 Model and Controllers of a Section of the Valtris Specialty
Chemicals Supply Chain

In this section I design a model and controllers for the chosen section of the VSC supply chain
with its SCM. The model structure is obtained by connecting several of the building blocks
from Chapter 3 and replacing the finished products markets with excess customer demand
inputs. The supply side is cut off at the production of the suppliers, meaning that constant
production volumes are assumed for these suppliers. Furthermore, each material is supplied
by a single supplier. I add SCM as PID controllers of procurement and production, similar
to the approach taken in Chapter 4. I tune the parameter values of the model and controller
elements to VSC data so that the supply volumes, stock levels, production volumes and raw
material prices display behaviour that matches the behaviour of the VSC supply chain.

5-3-1 Structure of the Model and Controllers

The model and PID controllers are constructed from the building block designed in Chapter 3
and the PID control presented in Chapter 4. The model represents the section of the VSC
supply chain mentioned in Section 5-2. The PID controllers are used as raw materials pro-
curement and production planning policies for each material and product. Figure 5-2 shows
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Prod1

Prod2
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Figure 5-2: The electrical circuit of a section of the Valtris Specialty Chemicals supply chain with
PID control as Supply Chain Management. The state-space representation is given in Appendix
E together with the parameter values for the model and the controllers

the model and controllers, of which the state-space representation and parameter values are
given in Appendix E.

The parts of the model that concern raw materials are colored green, while those of the
finished products are colored blue. The controllers are surrounded by black rectangular
frames and labeled ’Proc’ or ’Prod’, for procurement and production respectively, with a
number corresponding to the material or product they belong to. The structure of these
controllers is as shown in Chapter 4. The state-space representation for this model is given
in continuous-time form in Appendix E and is discretized for simulation purposes using the
zero-order hold method.
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5-3-2 Tuning the Parameter Values

I tune the parameters of the discretized model and controllers so that the controlled sys-
tem represents the chosen section of the VSC supply chain. The model and controllers are
discretized using the zero-order-hold method. Weekly data of sales (demand), orders (sup-
ply), stock levels, production volumes and prices for a period of 39 weeks is used to tune
the parameters. The sales data is used as input, while the other data is used as reference
for the outputs of the controlled system. The data is detrended by subtracting the mean
from it [67]. The parameter values of production can be set directly with the weight ratios
of raw materials required for the production of a finished product, which can be read from
the Bill of Materials (BOM). The other parameters are tuned manually, following the steps
from Chapter 3, adjusting the controllers’ parameter values simultaneously. I stop tuning the
parameters when the outputs show behaviour that resembles the behaviour observed in the
data of VSC. The resemblance is sought in the frequency-domain behaviour of the supply
chain, as that is where the BWE is best quantified. This means that I try to match the
amplitudes and cycle frequencies of the model outputs with those observed in the data. The
outputs of the tuned model and controllers are shown alongside the VSC data in Figure 5-3
and Figure 5-4.

The model and controller parameters are tuned manually instead of performing system-
identification for several reasons that are related to specific modeling choices.

• The PID control policy for procurement and production differs significantly from the
type of policy implemented in the VSC supply chain in the period the data was taken
from. The week-to-week behaviour of the model therefore does not match the week-to-
week behaviour of the section of the VSC supply chain studied in this case.

• The number of data points available for identification is small, relative to the number
of parameters to fit. A period of 39 weeks is chosen specifically, for in that period no
significant changes were made to the local structure of the VSC supply chain. In the
time before this 39 week period, new products were introduced, manufacturing lines
were changed and new suppliers were acquired. Such changes can not be modeled with
the LTI system that I designed. A rule of thumb is that the duration of an identification
period should be 10 times longer than the longest time-constant of the system [67]. This
would imply that data of several years is required for proper system identification, which
is not available. Another result of the low amount of available data is that no separate
validation dataset is constructed to validate the tuned model and controllers with. The
behaviour of the system is therefore validated with the same data that it is tuned to.

• Part of the behaviour of the supply chain is omitted from the model by modeling only
a section of the supply chain. The material 2 is for instance also used in the production
of other products, besides the ones modeled in this thesis, meaning that its stock level
does not exclusively depend on the dynamics of the two products modeled in this thesis.
System identification would require an additional disturbance input or modeling the
other products to take these influences into account.

The goal of tuning manually is to get close to the real supply chain’s behaviour so that the
BWE can be quantified and later mitigated for this section of the supply chain. The week-to-
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week behaviour of the controlled system will be different from that of the real supply chain,
but the cycles in supply and production should be of similar amplitude and frequency.

The outputs of the controlled system for the real VSC sales input scenario are shown in
Figures 5-3 and 5-4. The behaviour that can be observed in the plots is similar to that of the
VSC data, although there are differences.

• The supply volumes of material 1 and material 3 match the amplitude and cycle fre-
quency of the reference supply data relatively well. The amplitude for the first few
weeks does not fluctuate as much due to the initial value setting of the simulation.
After a few weeks, the fluctuations start reaching amplitudes similar to that of the real
supply. The supply of material 2 is however slightly more constant than what the data
shows, which is due to some products not being modeled that also use material 2 in
their production process.

• The production volume and supply volume both show smoother behaviour in the model
outputs than in the VSC data. While the real supply and production volumes often
alternate between 0 and a fixed multiple of certain standard order or production batch,
the model output does not show such behaviour. This is due to the constraints on the
real supply chain inherent to ordering in fixed truckloads or producing in fixed batch
sizes, which are not taken into account in the controlled system.

• The production in simulation reacts quickly to changes in the finished product stock
level. In a real manufacturing plant, batch-production is often planned to stick to a
fixed schedule that is designed to be able to cope with customer demand [55]. The
PID policy that I developed in this thesis recommends production volumes that move
more flexibly with customer demand than such a rigid schedule. The result is that the
finished product stock levels in simulation show much smaller changes than those in
reality. The raw material stock levels display similar, smooth behaviour.

• The raw material prices display a rising trend in the VSC data, which is not simulated
in the controlled system. The influences that act on the raw materials price in the
simulation are limited to the stock levels of the manufacturing plant and the supplier
and to the excess supply in the raw materials market. In real supply chains the prices
are also subject to, i.e., inflation, changes in the suppliers’ competition, negotiations,
expectations of upstream or downstream changes in supply or demand, suppliers’ costs
of production. Such additional effects are not taken into account in the controlled
system approach.

The variances ratios for the product 1 - material 1 and product 2 - material 3 pairs in
simulation show similar values to the variance ratios calculated from the VSC data. The
fluctuations of the supply volumes are similar in amplitude and frequency, which is also
reflected in the variance of these volumes. The material 2 variance in simulation is significantly
different from that in the VSC due to the causes listed in the bullet list above. The ratios
are listed in Table 5-2.
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Figure 5-3: The model of the controlled section of the Valtris Specialty Chemicals supply chain
is tuned so that its measured outputs from simulation (middle and bottom right) match the
frequency behaviour observed in Valtris Specialty Chemicals data (middle and bottom left). Top
to bottom: demand input, supply and production volumes. The indications ’u’, ’rm’ and ’fp’ refer
to the input, raw materials and finished products, respectively
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Figure 5-4: The model of the controlled section of the Valtris Specialty Chemicals supply chain is
tuned so that measured outputs from simulation (middle and bottom right) match the frequency
behaviour observed in Valtris Specialty Chemicals data (middle and bottom left). Top to bottom:
raw materials stock levels, finished product stock levels, raw material prices. The indications ’rm’
and ’fp’ refer to raw materials and finished products, respectively
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Material-Product Pair Variance Ratio
Product 1 - Material 1 V ar(rm1)

V ar(fp1) = 1401.1
687.5 = 2.04

Product 1 - Material 2 V ar(rm2)
V ar(fp1) = 241.6

687.5 = 0.35
Product 2 - Material 2 V ar(rm2)

V ar(fp2) = 241.6
157.5 = 1.53

Product 2 - Material 3 V ar(rm3)
V ar(fp2) = 187.4

157.5 = 1.19

Table 5-2: The variance ratios calculated from the simulation outputs

Figure 5-5: The magnitude plots of a Bode diagram for the section of the Valtris Specialty
Chemicals supply chain quantify the Bullwhip Effect. The transfer functions are from customer
demand to supply volumes. The frequency ranges with gain larger than 0 dB indicate the existence
of the Bullwhip Effect

The amplification of customer demand fluctuations to supplier volumes oscillations for the
relevant frequency range is observed in the magnitude plot of a Bode diagram. The transfer
functions in this Bode diagram are from the customer demand volumes to the supply volumes
for each material-product pair in question. Figure 5-5 shows peaks in the magnitude plot that
reach values higher than 0 dB in the frequency range of 0.2 − 0.4 cycles per week, or rather
a cycle time of 2.5− 5 weeks. This implies that the section of the VSC supply chain displays
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the BWE in this range. The supply of material 1 shows the largest BWE. The BWE for
the material 1 - product 2 pair is also relatively large, even though the material and product
are not directly connected through production. The magnitude of the material 3 - product 1
frequency response on the other hand is much lower, as is expected due to the disconnection
within the manufacturing plant. Material 2 displays little to no BWE for the entire relevant
frequency range, although that increases when the supply is compensated for the weight ratio
of materials required in the production of the finished product.

The controlled system is valid for the purpose of this thesis, as the supply volumes in simu-
lation display behaviour that is very similar to that of the supply volumes in the VSC data.
The fluctuations have similar amplitude and frequency in simulation and in the data. The
variance ratios of the significant material-product pairs differ only slightly. Furthermore, the
magnitude plots of a Bode diagram show the BWE for the material-product pairs that had
variance ratios larger than 1 in the VSC data. This controlled system is therefore used in
Section 5-4 to find a PID policy that mitigates the BWE.

5-4 Mitigating the Bullwhip Effect by Adjusting the PID Control
Policies

This section explains how the parameter values of the PID controllers are adjusted so that
the BWE is mitigated. The results of the newly obtained policies are then discussed.

5-4-1 Adjusting the Controllers’ Parameter Values

The parameter values of the PID controllers are tuned to obtain policies for procurement and
production that counteract the BWE. The PID controllers that were tuned to VSC data in
Section 5-3 are adjusted, while keeping the parameters of the model the same. The changes
made to the controllers’ parameter values consist of increasing the proportional gain and
decreasing the integral gain, while keeping the derivative gain negligibly low. The controller
parameter values that were found to cause the lowest fluctuations were those that resulted
effectively in PI controllers that each had an almost equal share of P and I action in terms
of supply or production volume. The parameter values of the derivative elements were kept
negligibly small, keeping the controllers as PI policies instead of PID policies. The parameter
values of the new controllers are listed in Table 5-3 alongside the parameter values of the
initial policy.

The adjusted controllers’ parameter values imply changes in the policies of SCM for procure-
ment and production. The increased proportional gain means that management should act
more directly on imbalances in stock levels and on price changes in the raw materials market.
More direct action would reduce lead times throughout the supply chain, reducing the BWE
according to [6, 36, 73]. The decreased integral gain means that SCM should not overcompen-
sate past imbalances in determining their procurement and production volumes. In practice,
the procurement and production are often delayed because of batch-process manufacturing
constraints or fixed-truckload procurement preferences [55]. This delay translates to more
integral action in the PID policy. The supply chain benefits from more frequent and constant
supply and production to decrease the BWE. [2] and [29] propose splitting up orders and

R. M. Dolman Master of Science Thesis



5-4 Mitigating the Bullwhip Effect by Adjusting the PID Control Policies 63

Parameter Initial Parameter Value Adjusted Parameter Value
kP,proc1 1.7 8.3
kI,proc1 1.3 · 102 10
kD,proc1 1.0 · 10−10 1.0 · 10−10

kP,proc2 1.7 · 10−6 0.55
kI,proc2 1.0 0.50
kD,proc2 1.0 · 10−10 1.0 · 10−10

kP,proc3 1.7 · 10−4 0.33
kI,proc3 0.50 0.25
kD,proc3 1.0 · 10−10 1.0 · 10−10

kP,prod1 0.017 1.7
kI,prod1 50 5.0
kD,prod1 1.0 · 10−10 1.0 · 10−10

kP,prod2 0.0083 0.083
kI,prod2 0.45 0.25
kD,prod2 1.0 · 10−10 1.0 · 10−10

Table 5-3: Parameter values of the initial and adjusted PID control policies

production batches instead of ordering and producing in large batches. Keeping the derivative
action negligibly low implies not taking into account forecasted system states. This is an ex-
pected result as demand forecasting is seen as one of the main causes of the BWE [12, 29, 60].
Instead of forecasts, information from downstream or upstream supply chain members should
be used, obtained by integrating information flow throughout the supply chain [34, 39, 42].
The interpretability of the controller elements enables direct implementation of the policy on
a real supply chain by each member of SCM.

5-4-2 Results

The results of the adjusted controllers are shown in three steps and compared to the results
with the initial PID policies from Section 5-3. First, the simulation with real customer demand
data as inputs from Section 5-3 is carried out again to show the differences in system outputs.
Second, the variance ratios are calculated from the outputs of the simulation and compared to
the variance ratios of the outputs in the initial policy simulation. Finally, the Bode diagrams
for the transfer functions from customer demand to supply volumes for all material-product
pairs are used to display the comparison between the initial and the adjusted policies in terms
of the BWE.

Real VSC sales data is used as inputs to the controlled system, like in Section 5-3. The
simulation outputs with the new policy are compared to the outputs of the original simulation.
Figures 5-6 and 5-7 show the outputs of both simulations alongside each other for comparison.

The largest difference in amplitude of oscillations is observed for the raw materials supply.
The supply of raw material 1 is improved most and shows both smaller fluctuations and
slower supply cycle frequencies compared to the supply volumes with the initial policy. The
production volumes with the new policy display a slightly slower cycle for both products.
This slower cycle results in lower frequency stock level changes for all materials and products.
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Figure 5-6: A comparison between simulation outputs of the model with the initial policies
(middle and bottom left) and with the adjusted policies (middle and bottom right) illustrate the
effect of adjusting the policies. The adjusted controller parameters result in lower fluctuations
throughout the supply chain. Top to bottom: input demand, supply volumes and production
volumes. The indications ’rm’ and ’fp’ refer to raw materials and finished products, respectively
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Figure 5-7: A comparison between simulation outputs of the model with the initial policies
(middle and bottom left) and with the adjusted policies (middle and bottom right) illustrate the
effect of adjusting the policies. The adjusted controller parameters result in lower fluctuations
throughout the supply chain. Top to bottom: raw materials stock levels, finished product stock
levels, raw material prices. The indications ’rm’ and ’fp’ refer to raw materials and finished
products, respectively
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The prices for raw materials display similar behaviour, although the difference is small when
the prices are plotted on an absolute scale. The decrease in oscillations of supply volumes,
without noticeable negative effects in the other outputs, is proof of the improvements of the
adjusted policies in terms of mitigating the BWE.
The change in BWE is quantified by comparing the variance ratios of the outputs of the
simulations with the initial policies and with the new policies. Table 5-4 lists the variance
ratios of the material-product pairs for both simulations. The variance ratios for all material-
product pairs are decreased to below the threshold of 1, meaning that the BWE is avoided in
this section of the supply chain at the specific demand cycle that was simulated.

Material-Product Pair Variance Ratio (initial policies) Variance Ratio (new policies)
Product 1 - Material 1 V ar(rm1)

V ar(fp1) = 1401.1
687.5 = 2.04 V ar(rm1)

V ar(fp1) = 185.1
687.5 = 0.27

Product 1 - Material 2 V ar(rm2)
V ar(fp1) = 241.6

687.5 = 0.35 V ar(rm2)
V ar(fp1) = 113.4

687.5 = 0.16
Product 2 - Material 2 V ar(rm2)

V ar(fp2) = 241.6
157.5 = 1.53 V ar(rm2)

V ar(fp2) = 113.4
157.5 = 0.72

Product 2 - Material 3 V ar(rm3)
V ar(fp2) = 187.4

157.5 = 1.19 V ar(rm3)
V ar(fp2) = 95.9

157.5 = 0.61

Table 5-4: The variance ratios for the simulation with adjusted policies compared to the ratios
for the simulation with the initial policies

A comparison is made in terms of the magnitude of the BWE with the use of Bode diagrams.
Figure 5-8 shows the magnitude plots of the transfer function from customer demand to
supply volumes. The magnitude plots for the system with new policies (dashed lines) show
lower peaks, moved to lower frequencies than for the system with the initial policies (solid
lines). The peaks are not below the 0 dB line for all frequencies, meaning that the BWE is
not completely eradicated from the supply chain. However, the effect of the BWE is only
noticeable for customer demand with a cycle time of about 10 weeks and is significantly lower
than the BWE with the initial policies. The new policies are effective at mitigating the BWE
for the largest part of the relevant frequency range.

5-5 Conclusions

The application of the systems and control framework to the VSC supply chain results in
SCM policies that are effective at mitigating the BWE. The economic engineering model
of the section of the supply chain together with the PID controllers produce outputs that
match the behaviour observed in VSC data, after initial tuning of the parameter values.
The PID control policies for raw materials procurement and production of finished products
mitigate the BWE in a section of the VSC supply chain after adjusting the parameter values
of the controllers, specifically. Increasing the proportional gain and decreasing the integral
gain of the controllers, keeping the derivative gain negligibly small, is most effective for
counteracting the BWE. The managerial implications of the controller parameter adjustments
match solutions that have been proposed in literature. SCM should reduce order batching
and manufacture in smaller batches, while reducing time delays throughout the supply chain
and refraining from basing procurement and production on forecasted data. The new policies
can be implemented directly in the real supply chain by members of SCM to mitigate the
BWE in real life.
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Figure 5-8: A comparison is made between the frequency responses of the supply chain with
the initial policies (solid lines) and with the adjusted policies (dashed lines) using the magnitude
plots of Bode diagrams. The supply chain with the new policies has lower peaks at resonance
frequencies than the supply chain with the initial policy, indicating a decreased Bullwhip Effect.
The transfer functions are from customer demand to supply volumes. The indications ’rm’ and
’fp’ refer to raw material and finished product, respectively
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Chapter 6

Conclusions

The framework developed in this thesis provides Supply Chain Management (SCM) with a
method to analyze the effects of dynamic supply chain disruptions on the flow of goods and to
design policies that counteract these disruptions. The PID control policies developed in this
thesis mitigate the Bullwhip Effect (BWE) in a supply chain through control of raw materials
procurement, production planning and finished product pricing. The modular economic engi-
neering modeling method enables SCM to easily construct a model of their supply chain. The
inclusion of price dynamics makes it possible to analyze the reciprocal effect of fluctuating
prices on the BWE. Bode diagrams quantify the BWE and the Reversed Bullwhip Effect in
Pricing (RBP) and provide direct insight into the existence of resonance frequencies in the
supply chain. The RBP and BWE amplify each others’ effect at these resonance frequencies
and are mitigated jointly by the PID control policies to a level where they are of negligible
influence on the supply chain. The interpretability of the policies and the close match with a
manager’s behaviour allow SCM to directly apply the policies to their own supply chain.

Further development of the systems and control framework is required to provide a closer
match with real supply chains. Currently, only simple supply chain structures have been
used to demonstrate the method proposed in this thesis, while real supply chains are more
complex. Real SCM policies are also more complex, often focusing on costs and profits
besides optimizing the flow through a supply chain, while ensuring that constraints are met.
However, the framework already provides managerial insight for mitigating the BWE that
confirms solutions proposed in literature:

• Increase of proportional action implies more immediate action on current imbalances
in stocks, demand and supply. This reduces time delays throughout the supply chain,
decreasing imbalances in stock levels. Ordering and manufacturing in large batches is
counterproductive, resulting in incorrect representations of actual supply and demand
and thus leading to incorrect forecasts.

• Decrease of integral action for procurement and production implies less overcompensa-
tion of past imbalances in stock levels. Inflation of orders in the case of shortage gaming
leads to incorrect representation of demand.
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• Negligibly low derivative action implies no anticipation by SCM to changes in supply,
demand and stock levels in the determination of procurement and production volumes.

• The pricing policy output implies prices to be kept as constant as possible to avoid ex-
cessive changes in customer demand. Every-Day-Low-Pricing (EDLP) is recommended
as a method of keeping both prices and demand from fluctuating.

The development of the interpretable PID control method as management policy for pro-
curement, production and pricing contributes to the solutions currently available to SCM for
mitigating the BWE. The PID policies can be tuned offline with the use of the economic en-
gineering supply chain model and applied directly to the appropriate management processes
in the supply chain. The quantitative and dynamic nature of the proposed solution gives it a
distinctive advantage over current qualitative or static solutions listed in literature.

This thesis also contributes to the frequency-domain methods available to SCM for analyzing
their supply chain’s characteristics. While the magnitude plot of a Bode diagram has been
leveraged before to illustrate the amplification of demand fluctuations, the interpretation of
the phase plot as measure of relative lead time provides additional managerial insight. The
application of the Bode diagram to supply chains is further extended to the quantification
of the RBP, enabled by the inclusion of price dynamics in the economic engineering supply
chain model.
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Chapter 7

Recommendations

This chapter presents opportunities for future work following from the research into Supply
Chain Management (SCM) and the Bullwhip Effect (BWE) that this thesis started. The
recommendations are threefold. Section 7-1 discusses the possibilities for extending the supply
chain model. The recommendations in Section 7-2 concern alternative control methods as
representations of SCM policies that either serve other purposes or aim to reach the same
goal of mitigating the BWE through different means. All recommendations provided in the
following sections aid in the development of a more complete economic engineering toolkit for
SCM to achieve their goals.

7-1 Supply Chain Model Extensions

The supply chain model designed in Chapter 3 is based on the core functionality of a supply
chain and can be extended in order to better fit a real supply chain. Many extensions are
possible, of which this section names a few.

Multiple Suppliers and Customers

The interaction between suppliers and customers resulting from a supply chain network with
parallel supply chain members can not be simulated with a serial supply chain [43]. A supply
chain member commonly receives a material from multiple suppliers to spread risk and sells a
product to multiple customers. The total demand for a product then consists of the combined
demand from the customers, that may each order at different rates and frequencies. Extending
the model to a network supply chain brings this research one step closer to modeling the
dynamics of a real supply chain.

Ouyang and Li [43] provide analytical BWE measures for a network supply chain structure,
but without the inclusion of prices. The economic engineering modeling method would extend
their research by enabling the analysis of the reciprocal effect of fluctuating prices on the BWE.
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Suppliers Material
Markets

Manufacturing
Plant Customer

Figure 7-1: Multiple suppliers for a single material can be modeled by extending the raw material
markets

A concept for modeling multiple suppliers for a single raw material as an extension of the
serial supply chain model designed in Chapter 3 is illustrated in Figure 7-1. Each supplier is
connected to the manufacturing plant in question via a market. The suppliers in parallel are
now competition as they are supplying the same product to the same plant. The structure
of this market is the same as that presented in Chapter 3. Control as representation of pro-
curement can therefore be applied to each market separately to determine the raw materials
volume to be ordered. The same concept can be applied to the case of multiple customers,
on the other side of the manufacturing plant.

Distribution Centers as Supply Chain Members

The supply chain model presented in this thesis currently consists of only manufacturing
plants, but a real supply chain may contain one or more distribution centers as well. A
distribution center is defined as a location used to store inventory, typically designed for
rapid distribution to customers [49]. The distribution center structure consists of storage,
with procurement and pricing as major SCM influences. Meegdes [37] models a distribution
center in his thesis work as a storage element alone. However, the inclusion of management
influences can not be left out in modeling supply chains. The distribution center is connected
to markets on either side similar to the manufacturing plant in Chapter 3. The center can
therefore easily be included in a supply chain model by connecting it to one of the markets
in the supply chain. A concept of the model of a distribution center with markets on the
receiving and outgoing sides is illustrated in Figure 7-2.

It would be valuable for BWE research to quantify the influence of distribution centers on
the BWE when price dynamics are taken into account.

Proc

Pri

Market
1

Distribution
Center

Market
2

Figure 7-2: The electrical circuit concept of a distribution center with procurement and pricing
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Nonlinearities in the Supply Chain

The current supply chain model assumes linearity for all elements the model is constructed
of, even though real supply chain behaviour is nonlinear. The following nonlinearities can be
considered for inclusion in supply chain models in future research.

• Excess supply or demand functions (or price-response functions) come in various (non-
linear) forms and are chosen for modeling based on the market they ought to represent.
Simon and Fassnacht [56] name various price-response functions that are commonly
used in economic modeling practices. The linear function is most widely used, but is
limited in its match with observed real world economic behaviour.

• Storage and convenience are nonlinear in real supply chains due to the inherent capacity
constraints. Risks of stock-outs and overfull inventories cause convenience of holding
inventory to change nonlinearly near the limits of storage. Near stock-outs result in dis-
proportionally high inconvenience, for instance. The supply chain model with nonlinear
storage elements will behave as though soft constraints are imposed on the inventories.

• Specific delays are present throughout the entire supply chain, that might be a major
cause of the BWE [29]. Transport lead times for supply and production lead times in
the manufacturing process cause inventory discrepancies when supply is purely reactive
to customer demand. Such discrepancies may lead to overcompensation from SCM and
in turn cause amplification of demand fluctuations. The delays vary from a few hours to
multiple weeks and become more significant to the system’s behaviour as the sampling
time of the model is decreased. If the sampling time is decreased in future research, the
addition of fixed time delays should be considered for production and procurement.

• The supply chain is modeled in a deterministic manner in this research, while the
stochastic evolution of a supply chain is an important modeling aspect [48]. Previous
BWE modeling efforts have included stochasticity in lead times [26, 40] and demand
[8, 75]. The addition of parameter and input uncertainty would bring the modeling and
control method closer to reality.

7-2 Controller Types for Supply Chain Management

The PID control method is effective at mitigating the BWE and provides interpretable man-
agement policies. However, alternative control methods with different characteristics can be
developed using the dynamic supply chain model. Some control methods are also suitable for
mitigating the BWE, while others are better suited for another economic purpose.

7-2-1 Model Predictive Control

Model Predictive Control (MPC) is a versatile control method that has been applied in
economic engineering research and BWE research to achieve various goals. As the objective
function of the MPC can be specified as desired, the approach lends itself well for fulfilling any
objective that can be expressed mathematically. Within the economic engineering research,
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MPC has been used in various fields. Slits [58] develops a MPC that maximizes the profits
of a trader in the energy market. Meegdes [37] also presents a profit-maximizing MPC that
controls scheduling of incoming and outgoing goods of a warehouse in the Shell supply chain.
Orie [41] proposes the use of MPC for price adjustment in the global crude oil market. In
BWE research, the MPC control method is not used often yet. Fu et al. [15] develop MPC
to decrease the BWE in a 4-echelon serial supply chain. The research into SCM presented in
this thesis provides another opportunity for the application of MPC.

The MPC may represent SCM that aims to maximize the profits of a manufacturing plant
through procurement, production and pricing. The objective function of the MPC is specified
as the maximization of the sum of profits (Π) until a time horizon (N). The maximization is
subject to constraints such as the dynamics of the supply chain, the capacities of storage and
production. The formulation of the MPC problem would be as follows.

Π = max
uproc,uprod,upri

N∑
k=1

(λfp(k) + λfp)(Ifp(k) + I fp)︸ ︷︷ ︸
revenue

−

(λrm(k) + λrm)(Irm(k) + Irm) + Cprod(uprod(k))︸ ︷︷ ︸
costs

s.t. x(k + 1) = Ax(k) +Bu(k)
y(k) = Cx(k) +Du(k)

0 ≤ q(k) + q ≤ qmax

0 ≤ uprod(k) + uprod ≤ uprod,max

(7-1)

x is the state vector of the system, consisting of the relative price levels (λ) and the relative
stock levels (q), y contains the outputs consisting of the relative price levels and the incoming
and outgoing flows of goods (Irm, Ifp).

The parameters with an overline are the equilibrium values that the LTI model is linearized
around. These equilibrium values are used to obtain the absolute values that are required in
the calculation of profit.

The MPC as formulated in Eq. (7-1) is a non-convex problem that has no certainty of global
optimality. The MPC could be extended to a hybrid optimization problem by also including
the constraints on manufacturing line occupancy or the constraints inherent to batch-process
manufacturing. The use of the YALMIP toolkit in Matlab is recommended in both cases, as
is also used by [58] in his optimization of a profit-maximizing MPC.

The possible benefits of using MPC to represent SCM are numerous:

• Constraints can be included easily with MPC. Not only are constraints an important
influence on SCM decision making, but through simulation one can also find the most
limiting constraint on the maximization of profits and make adjustments in the real
supply chain.

• The MPC optimization takes into account future states of the system instead of solely
the current state, which matches the behaviour of SCM in reality
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Figure 7-3: The general control configuration for H∞ controller design

• The MPC approach allows for the inclusion of other information sources than just those
of the manufacturing plant itself. This way, the effect of information sharing can be
analyzed, which is a commonly proposed solution to the BWE [39]

7-2-2 Robust Control

H∞ control can be developed for minimizing the BWE in a more formal manner compared to
the PID control method designed in this thesis. The H∞ controller is not as easily interpreted
as the PID controllers, but might result in better robust performance. The H∞ controller
minimizes the largest singular value in the sensitivity function and therefore minimizes the
BWE.

The general control configuration for H∞ controller design is illustrated in Figure 7-3. The
matrices A, B and C are inherited from the supply chain model developed in this thesis, the
matrix W transforms the input disturbance signal so that it applies to the correct state, WP

calculates the upstream supply volumes from the states of the system and K is the controller.

The cost function of the optimization problem that is solved to obtain the BWE minimizing
H∞ controller is ∥∥∥∥∥

[
w1S
w2KS

]∥∥∥∥∥
∞
, (7-2)

with w1 a low pass filter to decrease the singular values in the sensitivity function S in the
low frequency range and w2 a high pass filter to limit the controller gain in the high frequency
range.

The inclusion of theKS term is important for limiting the size and bandwidth of the controller
[57]. In the context of supply chains this means that the controller does not output excessively
large procurement or production volumes or unrealistic price changes.

H∞ controller synthesis may not result in a desired controller for SCM. The attenuation
of the largest singular values of the sensitivity function can result in a low gain for a large
part of the frequency range. This low gain can cause SCM to only barely react to changes
in demand. The BWE will be negligibly low, but changes in finished product inventory may
become too large and lead to stock-outs or overfull storage. Inclusion of relative stock levels
in the error signal output z may solve this issue. Additionally, the H∞ control method does
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not maximize profits or minimize costs. Similar to the PID control method, the goal of the
H∞ controller is only to decrease the BWE. The overall goal of SCM may therefore not be
attained through the implementation of H∞ control policies.

7-2-3 Genetic Algorithm

Genetic algorithms have been applied by O’Donnell et al. [40] to decrease the BWE in a
multi-echelon serial supply chain. The algorithm controls the procurement volumes of each
echelon based purely on the orders of the next downstream supply chain member. The results
of their research are significant mitigation of the BWE throughout the supply chain.

The application of genetic algorithms to the economic engineering model designed in this
thesis would be relevant because of the inclusion of price dynamics. The genetic algorithm
can make decisions based on more than just the orders from the downstream supply chain
member and may control production and pricing besides procurement. These extensions may
prove to be even more effective at mitigating the BWE than the current research already has
been able to achieve.

7-2-4 Supply Chain Specific Control Rules

Instead of attempting to fit a control method on a supply chain, previous research has also
taken existing decision rules or policies and modeled them as they are to quantify their
influence on the BWE. The order-up-to policy for procurement has been investigated many
times in previous research [9, 30, 34]. Other policies that have been analyzed include nonlinear
policies [72] and inventory-on-hand policy [21]. Previous research however has not include
prices in their modeling effort, limiting the conclusiveness of their results. Experimenting
with existing policies on the economic engineering model of a supply chain would lead to
quantifiable results about the influence of each policy on the BWE and may provide new
conclusions for SCM.
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Appendix A

The 3-Echelon Serial Supply Chain
Model - Parameter Values and
State-Space Representations

This appendix lists the parameter values of the 3-echelon serial supply chain model and
shows the state-space representations of both model configurations presented in Chapter 3 in
Figure 3-5. The model with the parameters indicated alongside the elements they belong to
is shown in Figure A-1. The parameter values for these parameters are listed in Table A-1.
The state space representations of the models are shown in Eq. (A-1) and Eq. (A-2). The
C matrices are designed in such a way that the outputs illustrated in Chapter 3 Section 3-6
are obtained. However, the system is theoretically fully observable so any state (q, λ), flow
of goods (I) or price change (V = dλ

dt ) can be selected as output. Eq. (A-1) concerns the case
with an upstream excess supply disturbance, where Market 0 is replaced with an input for
the flow of goods to Plant 1. Eq. (A-2) concerns the case with a downstream excess supply
disturbance, where Market 3 is replaced with an input for the flow of goods from Plant 3.

Plant 1 Plant 2 Plant 3

Market 1 Market 2

← Upstream
Supplychain

Downstream →
Supplychain

Market 0 Market 3

Li1 Li2 Li3 Li4 Li5 Li6L0 L1 L2 L3R0 R1 R2 R3

C1 C2 C3 C4 C5 C6
n1 n2 n3

Figure A-1: The 3-echelon serial supply chain model with parameters indicated for each element
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Supply chain part Parameter Parameter value Parameter unit
Market 0 R0 0.18 $

tnne2

L0 1.8 $·wk
tnne2

Plant 1 C1 2.7 tnne2·wk
$

C2 2.7 tnne2·wk
$

Li1 0.33 $·wk
tnne2

Li2 0.33 $·wk
tnne2

n1 1 -
Market 1 R1 0.12 $

tnne2

L1 2.0 $·wk
tnne2

Plant 2 C3 2.2 tnne2·wk
$

C4 2.2 tnne2·wk
$

Li3 0.51 $·wk
tnne2

Li4 0.51 $·wk
tnne2

n2 1 -
Market 2 R2 0.061 $

tnne2

L2 2.2 $·wk
tnne2

Plant 3 C5 1.4 tnne2·wk
$

C6 1.4 tnne2·wk
$

Li5 0.68 $·wk
tnne2

Li6 0.68 $·wk
tnne2

n3 1 -
Market 3 R3 0.042 $

tnne2

L3 2.4 $·wk
tnne2

Table A-1: Parameter values for the 3-echelon serial supply chain model
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Appendix B

Valtris Data for Model Validation

This appendix shows Valtris Specialty Chemicals (VSC) data used for validation of the supply
chain model presented in Chapter 3. Graphs of the data are shown in Figure B-1 and Figure B-
2. The data concerns the flows of goods and the stock levels for a period of 40 weeks for one
of the products of VSC and the two materials it is manufactured from. Due to confidentiality,
the names of specific materials and products are not shown and neither are their prices or the
period in time the data was taken from. The data is used as practical reference for supply
chain behaviour and provides an example of the dynamics of a manufacturing plant and the
surrounding markets.

Figure B-1 shows the demand, production output and stock levels for a VSC product. The
demand does not display cyclical behaviour and fluctuates around a constant average weekly
demand volume. The production is planned so that demand can be met and no stock-outs
occur, within the limitations of batch-process manufacturing. This means that production
follows the movement of demand. In periods of higher demand the production is increased in
order to maintain a steady stock level. Some weeks, production volumes are equal to 0 and no
product is manufactured, while other weeks display a relatively constant production output.
This has to do with the limitations of batch-process manufacturing, where a production line
can be occupied by other products and manufacturing setup costs are taken into account in
production planning. The production output graph shows slight cyclical behaviour, inherent
to the batch-process manufacturing methods and production planning policies like the prod-
uct wheel [27]. Stock levels change in accordance with the difference between demand and
production output.

Figure B-2 shows the supply and stock levels for the two materials required in the production
of the product in Figure B-1. The supply of material 4 fluctuates more strongly than the
demand for the product does and this is also displayed in the graph of the stock levels for
this material. When stock levels of material 4 are high, supply decreases gradually and a still
steady production level results in a decrease of the material’s stock level. When stock levels
return back to the desired value, the supply is increased again and the cycle repeats. The
cyclical behaviour is stronger for the materials than for the products.
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Figure B-1: Valtris Specialty Chemicals finished product data provides a real world example of
the behaviour of demand, production and stock levels. Demand and production show bounded
oscillations, while the difference in these volumes is equal to the change in product stock level.
Increased demand is matched with increased production to minimize inventory imbalance. The
orange line indicates the average value of the data
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Figure B-2: Valtris Specialty Chemicals raw material data provides a real world example of the
behaviour of supply and stock levels. High stock levels decrease supply and low stock levels
increase supply. High supply in turn increases stock levels, resulting in cyclical behaviour. The
orange line indicates the average value of the data
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Appendix C

PID Policies for All Members of a
Supply Chain

This appendix shows the results of using PID control for the procurement, production and
pricing of all members in the serial supply chain from Chapter 3. The exact same controllers
for procurement, production and pricing that were used for Plant 2 in Chapter 4 are now
applied to all the other possible control locations in the supply chain.

The effect of the extra controllers on the Bullwhip Effect (BWE) is observed in the magnitude
plots of Bode diagrams for transfer functions from downstream excess customer demand
to upstream excess supply. Figure C-1 shows both the original frequency response of the
controlled system from Chapter 4 and the response of the system with PID control applied
at all procurement, production and pricing locations in the supply chain.

The amplification of customer demand oscillations is decreased at all locations in the supply
chain for the entire relevant frequency range. The supply to Plant 1, which is furthest away
from the downstream demand, shows the largest difference as that signal is attenuated the
most amount of times, having been passed through 3 plants that each decrease the BWE.
The phase lag remains similar for the case with control of all plants in the relevant frequency
range. As the amplification is now below the 0 dB threshold for all frequencies, the incoming
customer demand signal is only attenuated, never amplified. The application of PID control
policies for all plants in the supply chain results in complete attenuation of the BWE.

The effect of the extra controllers on the outputs of the system is observed in scenario anal-
ysis of cyclical demand, similar to the simulations carried out in Chapter 3 and Chapter 4.
Figure C-2 shows the outputs of the system with control of all plants in the supply chain for
a cyclical downstream excess customer demand input.

The fluctuations of all outputs throughout the supply chain are attenuated when the serial
supply chain is subjected to the cyclical excess demand. The stock levels of and supply to
Plant 3 are the only outputs that still display any significant oscillations. The attenuation
after Plant 3 is large enough that the rest of the outputs along the supply chain remain nearly
constant.
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Figure C-1: Bode diagrams show the comparison in terms of the Bullwhip Effect between the
supply chain with control for only Plant 2 and with control for all plants in the supply chain. The
gain in the magnitude plots is lower with control for all plants in the largest part of the relevant
frequency range. The gain is below the 0 dB level for all frequencies, meaning the BWE is avoided
entirely. The phase plots indicate lower relative lead times for high frequency demand cycles and
higher relative lead times for lower frequencies with control for all plants. The transfer functions
are from downstream excess customer demand to upstream excess supply to all plants
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Figure C-2: Simulation of cyclical downstream customer demand for the supply chain with
control of all plants shows attenuation of oscillations for all outputs. The indications ’rm’ and
’fp’ refer to raw materials and finished products

Master of Science Thesis R. M. Dolman



88 PID Policies for All Members of a Supply Chain

R. M. Dolman Master of Science Thesis



Appendix D

Frequency Response for Stock Levels
of a Controlled Supply Chain

This appendix demonstrates the issue of high amplitude stock level fluctuations for Plant 3
in the controlled supply chain model from Chapter 4. Figure D-1 shows the amplification of
excess customer demand fluctuations to stock level oscillations. Note that the Bode diagrams
display amplification of signals that do not have matching units. The Bode diagrams should
therefore only be used for demonstrative purposes and not to draw quantitative conclusions.

The magnitude plots of the Bode diagrams both show higher amplification of excess demand
oscillations to stock level fluctuations in the lower frequency range for the controlled model.
This means that the stock levels of Plant 3 for both raw materials and finished products
grow to unmanageable levels in case the customer demand changes slowly. The result is
either stock-outs or inadequate storage capacity for dealing with high stock levels. Where the
uncontrolled model was capable of adapting to long-term changes in demand, the new model
fails to do so.

The response of the controlled model to fast changing demand remains similar to that of the
uncontrolled model.
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Figure D-1: The Bode diagrams for the transfer functions from excess downstream customer
demand to the relative stock levels of Plant 3 illustrate the effect on stock levels of low supply
response to demand changes. The stock levels oscillate at lower frequencies with highly amplified
amplitudes, growing to unmanageable levels in case customer demand changes slowly
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Appendix E

The Valtris Specialty Chemicals Model
- Parameter Values and State-Space

Representation

This appendix lists the parameter values for both the model of part of the Valtris Specialty
Chemicals (VSC) supply chain and for the controllers and shows the state-space representation
of the model presented in Chapter 5 in Figure 5-2. The model with the parameters indicated
alongside the elements they belong to is shown in Figure E-1. The parameter values for these
parameters are listed in Table E-1. The state space representations of the model is shown in
Eq. (E-1).

Master of Science Thesis R. M. Dolman



92 The Valtris Specialty Chemicals Model - Parameter Values and State-Space Representation

C1 :
q1

C2 :
q2

C3 :
q3

C4 :
q4

C5 :
q5

C6 :
q6

C7 :
q7

C8 :
q8

L1 : λ1

L2 : λ2

L3 : λ3

Li1 : λi1 Li2 : λi2

Li3 : λi3

Li4 : λi4 Li5 : λi5

Li6 : λi6
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w2

R1

R2
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Figure E-1: The model of part of the Valtris Specialty Chemicals supply chain and PID control
as Supply Chain Management (indicated with the black boxes), with labeled parameters, variables
and disturbance inputs. The state-space representation of this model is given in Eq. (E-1)
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Model Parameter Parameter Value
C1 5.5 · 102

C2 19
C3 1.3
C4 2.2
C5 0.16
C6 0.16
C7 5.5
C8 0.25
R1 0.015
R2 0.36
R3 1.9
L1 0.20
L2 2.0
L3 2.3
Li1 0.010
Li2 0.010
Li3 1.0
Li4 1.0
Li5 8.0
Li6 0.30
n1 0.79
n2 0.29
n3 0.29
n4 0.79

Controller Parameter Parameter Value
kP,proc1 1.7
kI,proc1 1.3 · 102

kD,proc1 1.0 · 10−10

kP,proc2 1.7 · 10−6

kI,proc2 1.0
kD,proc2 1.0 · 10−10

kP,proc3 1.7 · 10−4

kI,proc3 0.50
kD,proc3 1.0 · 10−10

kP,prod1 0.017
kI,prod1 50
kD,prod1 1.0 · 10−10

kP,prod2 0.0083
kI,prod2 0.45
kD,prod2 1.0 · 10−10

Table E-1: Parameter values of the model (left table) and controllers (right table) for part of
the Valtris Specialty Chemicals supply chain
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With α1 = 1
1+n2

1
Li1
Li2

, α2 = 1
1+n2

2
Li3
Li2

, α3 = 1
1+n2

3
Li4
Li5

, α4 = 1
1+n2

4
Li6
Li5

.

The controllers take the local price changes (V ) from the outputs (y) of the discretized system
and give as the output a relative flow of goods (I). The C and D matrices consist of specific
rows from the A and B matrices, respectively, to obtain these price changes. The controller
outputs are fed back as inputs (u) to the system. The discrete time PID controller equation
that governs the control process is

I = kPV + kI
∑

V T + kD
∆V
T
, (E-2)

as presented in Chapter 4, with V = ∆λ
T and T the sampling time of 1 week.
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List of Acronyms

MPC Model Predictive Control
VSC Valtris Specialty Chemicals
BWE Bullwhip Effect
RBP Reversed Bullwhip Effect in Pricing
SCM Supply Chain Management
P&G Procter & Gamble
GA Genetic Algorithm
MS Master Schedule
MPS Master Production Schedule
MRP Material Requirements Planning
BOM Bill of Materials
EDLP Every-Day-Low-Pricing
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List of Symbols

Abbreviations
λ Relative price level
ω Natural frequency
Π Accounting profit
C Inverse of convenience yield
Idem Excess demand volume
Ifp Relative finished products volume from production
Inet Net relative flow of goods into inventory
Iproc Procurement controller relative procurement volume
Iprod Production controller relative production output volume
Irm Relative raw materials volume to production
Isup Excess supply volume
k Discrete time
kD Derivative controller gain
kI Integral controller gain
kP Proportional controller gain
L Inverse of price elasticity of supply
N Length of prediction horizon
n Weight ratio of raw materials to finished products in production
q Relative stock level
R Appreciation rate
T Sampling time
t Time
u Control input
Vconv Convenience of holding inventory
Vfp Internal finished products price change
Vpri Pricing controller price adjustment
Vprop Proportional price adjustment
Vrm Internal raw materials price change
Vsup Total raw materials price change
w Disturbance input
y System output
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