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Abstract. The expansion of local power supply with re-
newable sources is one option for shaping the energy
transition. Power supply from renewable sources has to
be balanced with power demand of dynamic technical sys-
tems. Investigation of detailed electrical power demands
in production and logistics systems receives increasing at-
tention in this context. This paper describes a method for
the analysis of power demand of material handling com-
ponents within a material flow simulation. The simulation
approach enables the examination of power peaks as well
as the system throughput during system operations. The
power calculation model was developed with the environ-
ment MATLAB and integrated into the AutoMod simula-
tion environment. The simulation of a high-bay ware-
house with several handling machines delivers the proof
of concept. We introduce a new control approach for the
reduction of power peaks and investigate its effect on the
transport performance with simulation experiments. The
results of experiments show that the control approach
can limit power peaks without a considerable reduction of
the transport performance in the warehouse system. The
achieved reductions of the maximum power peaks range
from 80 % up to 67 % in different settings and correspond
with a transport performance decrease of no more than
3 % in maximum.

Introduction

The consideration of energy demand and energy efficien-
cy takes place in planning, design, and control of techni-
cal systems and processes over the last two decades.

In addition to the monetary aspects of energy saving,
legal requirements force increased efforts by industry to
protect the environment and the climate.

Accordingly, energy and environmental aspects re-
ceived greater attention in simulation of production and
logistics systems, as[1] show in their publication. To in-
clude these new aspects, various approaches and methods
extended discrete event simulation, which is an estab-
lished tool for analysis of these systems.

Mainly aspects of long-term energy saving and en-
ergy efficiency dominate the studies. Theinvestigation of
short-term electrical power peaksisafurther topic worth
to consider in technical systems. The following para-
graphs motivate this.

Renewable energy sources, such aswind and sun, pro-
vide avolatile energy supply due to technological reasons.
The compensation of asynchronous fluctuations of energy
supply and energy demand is complex. Energy storage
systems may compensate short-term peaks. The planning
and control of suitable storage systems requiresknowledge
about power pesks that occur in the technical system.

A further motivation results from the dimensioning of
electrical supply systems (e.g., transformers, circuit
breakers) that depends on the estimated maximum power
in the electrical subnetwork. In today’s practice, the lack
of methods for predicting power peaks leads to an over-
sized design of supply systems [2]. A limitation of the
peaks enables areduction in size and cost of the electrical
supply components.

This article considers the analysis of the electrical
power demand of material handling systems by means of
discrete event simulation. We discuss representations of
energy-related aspects in cal culation models and ways of
integrating power calculation into material flow ssimula-
tion. We explain our selected implementation. Simula-
tion experiments evaluate a control intervention for re-
ducing the power peaks in a high-bay warehouse system.
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1 Related Work

The consideration of energy aspects in the ssmulation of
production and logistics systems relates to two topics:

1. The representation of energy-related aspectsin
calculation models.

2. Theintegration of energy calculation models
into simulation.

In advance to a simulation study, the energy-related
aspects of real technical systems must be mapped into
calculation models. For this topic, the following intro-
duction of related work focuses on energy models of stor-
age and retrieval machines (SRMs) in high-bay ware-
houses. The second part of this chapter discusses differ-
ent ways of integrating energy calculation models into
discrete event ssimulation (DES).

1.1 SRM Energy Models

Automatic SRMs used in high-bay warehouses receive
special attention in the energy analysis of material hand-
ling systems. Due to their construction and mode of op-
eration, these devices have a high energy demand per
transport aswell as significant power peakswhen starting
up. SRM serve horizontally- and vertically-arranged stor-
age locationsin awarehouse storage aisle. The machines
are equipped with a drive for horizontal movement and
another drive for vertical movement. Industrial storage
systemstypically consist of multiple parallel aisles.

Several studies, such as[3], [4], and [5], investigated
the factorsinfluencing the energy demand of SRMs. The
focus of these studies lies on the development and vali-
dation of calculation modelsfor energy demand. Theaim
isto determine the energy requirement of SRM with dif-
ferent configurations or to select the most energy-effi-
cient travel trgjectory for atransport in advance. The en-
ergy demand calculations in these studies are based on
the same motion transformation model approach and dif-
fer only in details. In addition, model s of thistype enable
in principle the identification of power pesks.

The model equations used for this paper are based on
the author’ s previous work and explained in detail in [3]
and [14]. The approach in general is briefly described
later in Section 2.1.

Hahn-Woernle considers in [2] the overlap of power
demand and its reduction by delaying the start of SRM
transport orders. The warehouse systemis represented as
asimulation model in MATLAB/Simulink.
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The strengths of the model liein the detailed mapping
of the power demand. The approach is limited to the sin-
gular consideration of storage systems and is not suitable
for the simulation of interactions within a material flow
system.

Shifting the starting times of the drives can minimise
the maximum power demand at simultaneous start of
SRMs[6]. The authors use an optimization with agenetic
algorithm to determine the best shifting. The approach
focuses on the single situation that all SRMs start at the
same time. The authors do not explain the application in
case of constantly new transport orders.

1.2 Energy-related Simulation

The representation of energetic interrelationships of
plants and processes in DES can be differentiated in
terms of their complexity in a modelling by

a) constant power valuesin discrete time periods,
assigned to plant states or process phases, or

b) continuous variable power values derived from
physical models or measurement series.

Roemer and Strassburger stated in their overview that the
majority of publications use a discrete event system mo-
del with state-based energy representation [7]. Only a
few publications describe an approach with representa-
tion (b), among them [10] and [11].

The modelling with phase-wise constant power val-
ues enables direct integration into discrete event simula-
tion, if the phase changes can be represented by events.
The power value is fixed from event to event. This im-
plementation offers sufficient accuracy for a calculation
of the energy demand in a simulation study, but not for
an analysis of power curve and power peaks [8].

Modelling variable power values offers higher accu-
racy in the mapping of real electrica power demand
curves, but also causes higher effortsfor dataacquisition,
model generation, and validation.

The application of option (b) in material flow simula-
tion requires a combination of the event-based model of
the material handling system with atime-continuous mo-
del of the power demand. There are three basic approa
chesto this (cf. [9]):

1. Simulation with a downstream energy analysis
with external software.

2. Dynamic coupling of the simulation with a parallel
energy consideration in an externa tool (cf. [10]).

3. Integration of energy analysis and simulation in
one application (cf. [11] and [12]).
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The downstream approach is sufficient for a static
system analysis, but does not allow for any dynamic in-
fluence on the simulated process and, therefore, it is not
suitable for analysis of strategies to reduce power peaks.

The combination of different tools offers an advan-
tage by using problem-specific modelling domains. The
dynamic coupling enables model interaction. The main
disadvantage of this option isthe additional effort for the
model coupling and synchronization.

The integration of the energy calculation and the op-
erations simulation in a uniform application avoids the
disadvantages of the previous options, whereby [13] em-
phasize in their evaluation that the linkage represents a
considerable challenge.

This paper describes an approach that usestwo differ-
ent toolsfor modelling. A discrete event model describes
the transport operations of the material handling system.
A continuous value model calculates the power demand
curve of material handling components. The continuous
value model isintegrated in the DES environment.

2 Simulation Model

We bhase our investigation of electrical power peakson a
typical pallet high-bay warehouse. The use case was mo-
delled using the simulation environment AutoMod,
which supports the mapping of various material handling
subsystems by means of ready-made modules and pre-
defined simulation routines.

The geometric representation of the high-bay ware-
house in the simulation depends on the number of aides,
vertical levels, and storage bays per level. The SRM gets
the target position in the shelf front at random or speci-
fied by program code. The transport time results from pa-
rameterisable kinematic parameters like speed and accel-
eration aswell asfrom additional times like load pick-up
time and load set-down time.

2.1 SRM Power Model

This paper describes an approach that corresponds with
option (b) from Section 1.2 using continuous power val-
ues. This option enables a fine calculation of the power
demand in time and thus of the power peaks of the SRM.

The physical energy-related model for determining
the power demand is already described in detail in [14].
Basisis akinematic motion model for the chassis and for
thelifting system. A 7-phase motion model arises by the
use of aconstant jerk in the motion equations (Figure 1).

The other movement variables (acceleration, veloc-
ity, and distance) result accordingly from its integration.
The combination of motion variables and moving masses
determines the mechanical power demand.
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Figure 1: SRM power demand model.

Mechanical losses (e.g., the driving resistance of the
wheel-rail combination) and electrical losses (e.g., in the
frequency converter) of the power transmission areinclu-
ded in the calculation as well as the efficiency of the
drives.

The power demand for the compl ete motion sequence
of an SRM results from the superposition of horizontal
and vertical motion (cf. Figure 1). The power demand of
the load handling device is considerably lower and can,
therefore, be simplified by using constant values.

The used energy-related model was developed in afor-
mer research project and calibrated by power measurement
dataof area SRM, described in [3].

Table 1 givesan overview of power key values of the
SRM drivesin the later experiments.

Max. power
in kW
Horizontal drive start up 20.0
Horizontal drive continues 4.0
Lifting drive 16.0
Load handling device 2.0

Table 1: Power values of the modelled SRM.
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2.2 Power Model Implementation

There are different ways to connect software systems.
The coupling options include the use of DDE (Dynamic
Data Exchange), OPC (Open Platform Communica
tions), TCP/IP (Transmission Control Protocol/Internet
Protocol), and DLL (Dynamic Link Library). A DLL can
integrate an encapsul ated software code into another pro-
gram. This solution supports our hybrid modelling ap-
proach. It works without additional tool communication
interfaces and offers a high data transmission rate. For
these reasons we selected the DLL technology.

The MATLAB environment offers the possibility to
compile developed functions to a DLL using the
MATLAB Coder. The restriction that not al built-in
functions of MATLAB are supported is not limiting the
selected model context. The calculation equations of the
energy-motion model were developed in MATLAB and
then transferred to aDLL. The DLL is supplemented by
functions for setting parameters of the cal cul ation model
and for communicating with external software. The C-
interface of the AutoMod simulation system supports the
integration of DLL into simulation models. It requires ad-
ditional header files and the declaration of the utilized
DLL functions within the specific model.

At the beginning of an experiment, the simulation
model initializes the DLL with the technical parameters
of the SRMs. During simulation, the model sends start
time, start location, and destination of each SRM trip to
the DLL and receives the calculation results for further
control decisions. The DLL calculates the movement tra-
jectory of the SRM and the corresponding power demand
for the complete trip in advance. Based on the saved data
of previoustrips, it calculatesthe total power of the ware-
house including the new trip. The identification of power
peaksisinclusive.

Asasideeffect, the DLL can calculate thetravel time
more precisely than the built-in function in the simulation
system that uses a 3-phase motion model only. An addi-
tional wait for synchronization option in the simulation
model supports the use of this returned travel time value.

3 Power Peak Limitation

The next steps after identification are reduction and lim-
itation of power peaks. The consideration that the system
power peaks are primarily caused by the superimposition
of start-up processes of SRMs supports the selected ap-
proach. The significantly highest power demand isin the
short phase of accelerating the SRM drives.
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Following the approach in [2], dlight shifts in the
start-up processes can avoid their temporal overlap and
reduce system power peaks.

A control procedure for reducing and limiting the
power peaks in a high-bay warehouse system comple-
ments the previously presented implementation. It was
developed as part of afunded research project.

Control approach. A central control for start shifting
was implemented in the simulation model with two dif-
ferent sets of restrictions:

a) Start-up restriction: The number of simultaneous
start processesis limited by the control.
b) Power restriction: A given limit of the maximum
power demand is monitored by the control.

By the start-up restriction, the control monitors accele-
ration and velocity of the SRMs. As they are responsible
for high power peaks, we exclusively consider trips where
starting and lifting take place smultaneously. A new trip
isdelayed aslong asthe SRM start-up limit isreached. The
limitation of simultaneous starting processes offersalimi-
tation of the maximum power requirement.

In power restriction, the control monitors the total
power demand of the system. Before starting the SRM,
each new trip adds virtually its predicted power demand
to the current system demand to test the power limit. If
the specified power maximum is exceeded, the start time
of the new trip will be shifted with step size one second
and the new maximum power is calculated again. The
control executes shifting until the system power maxi-
mum stays below the limit or the maximum possible de-
lay is reached. The maximum possible delay is a select-
able starting parameter for experiments.

Finally, the DLL returns the calculated start delay of
the next trip to the simulation model. The effect of this
control measure on the reduction of power peaks and
simultaneously on the transport performance in the sys-
tem was focussed in the following experiments.

4 Experiments and Results

The high-bay warehouse used as model case for the ex-
periments in this paper consists of eight aisles with ten
levels and one SRM per aisle. This configuration corres-
ponds to a real-system pallet warehouse in terms of size.
The AutoM od simul ation subsystem AS/RS enables ade-
tailed representation of real-system properties.



The model includes the following assumptions: Stor-
age and retrieval of the pallets are independent processes.
The throughput target value is the number of pallets per
aisle per hour. A random selection sets the storage posi-
tion in an aisle regardless of the fill status. A dedicated
storage bin management is not taken into account.
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In Scenario 2, each SRM fulfils about 34 storage and
34 retrieval operations. First, the SRM transports a load
fromthetransfer point into the shelf. Then it travels emp-
ty to the start location for the retrieval transport from the
shelf. Finally, it returns the retrieval load to the transfer
point in front of the shelf. This creates a double cycle
with three movements. In case of maximum utilization
only double cycles occur. This resultsin atotal of about
100 trips per SRM and hour in the experiment.

Both scenarios were simulated with both control op-
tions. The system power limits in the second approach
were 120 kW and 140 kW. The maximum allowed shift
limit istwelve secondsin all experiments.

M
o

power [ KW
i
o

M
(=]

o
=

=20

5500 5550 5600 5650 5700 5750
time/s

Figure 2: Example of total power demand for eight SRMs.

Table 2 definesthe kinematic parameters of the SRM.
Load pickup time and load set-down time are twelve sec-
onds each. Each experiment lasted ten hours of simula-
tion time. The evaluation of the control approach is based
on two different transport scenarios:

1) Unidirectional transports. Maximum throughput
with only storage trips

2) Bidirectional transports: Maximum throughput
with storage and retrieval trips.

Horizontal Lift
Velocity [m/s] 2.0 1.0
Acceleration [m/s?] 0.5 1.0
Jerk [m/s?] 2.0 1.2

Table 2: Kinematic parameters of SRM.

In Scenario 1, each SRM achieves about 55 storage
operations per hour in case of no peak limitations. The
SRM transports a load from the transfer point to a ran-
domly selected storage location. After completion of the
transport operation, the SRM returns empty to the trans-
fer point and collects the next load immediately. This
procedure resultsin 110 trips per hour.

Shiftins Peak Through-  Through-
Control
limit per SRM power put put
per hour in kW per hour in %
1SRM 106 121 53.3 97
2 SRM 10 146 54.9 99
3 SRM 1 165 55.1 100
No limit - 178 55.1 100
120 kw 3 119 55.0 100
140 kW 1 139 55.1 100

Table 3: Results for Scenario 1.

Limiting the number of devices starting simultane-
oudly does not support a precise limit of power peaks. It
only avoids the unfavourable superposition of single
peaks of the SRMS' start-up processes. The remaining
motion processes continue to contribute to the power de-
mand of the system. Furthermore, start delays can also
occur in situationswhere they are not necessary to reduce
peak loads. Not every start-up superposition leads to a
relevant power peak.

On the basis of atheoretical maximum of eight paral-
lel start-up processes in the example system, alimitation
to two start-up processes leads to a significant reduction
in the power peaks by 80 % compared to the unlimited
approach. The throughput of the system drops by only
1 %. It should be noted that superposition of eight unfa-
vourable start-up processes is an extremely rare event.

The approach with afixed limit asin the power restric-
tion control enables a much better adapted response to the
current demand situation. The extent of the start postpone-
mentsis considerably smaller with an equivalent reduction
of the power peaks. The throughput of the system remains
amost unchanged even with the limit of 120 kW.
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Shiftins Peak Through-  Through-
Control
limit per SRM power put put
per hour in kW per hour in %
1SRM 96 108 66.2 97
2 SRM 6 128 67.9 99
3 SRM 1 155 68.1 100
No limit - 160 68.2 100
120 kw 2 119 68.1 100
140 kW 0 139 68.2 100

Table 4: Results for Scenario 2.

Both control options have the need for a higher-level
coordination between the driving controls of the SRMs
in common.

The control with start-up restriction focusses on the
SRM start processesin the warehouse system. Thisimple-
mentation does not require a detailed model or measure-
ment of the SRM power demand. It is based on the as-
sumption that the start-up process produces the highest
power peaks.

The control with power restriction permanently mon-
itors power demand of the system. It needs a power fore-
cast model. On the one hand, this implementation re-
quires more effort for this reason. On the other hand, it
can guarantee considerably lower maximum power peaks
accompanied by better system throughput.

To summarize for a practical implementation, limit-
ing the number of devices that start simultaneously is
technically a more realistic option than monitoring the
power demand of the system. However, even this option
requires changes in the current system control structure.
The individual SRM controls need to communicate with
an additional central coordination instance.

The experiments were carried out with the technical
maximum throughput of the SRMs. In these cases start
delays always lead to a reduction in throughput. In the
vast majority of practical applications, the logistic sys-
tem’ sthroughput islower. There are idle phases between
transport orders. Therefore, short start delays will have a
significantly lower impact on the throughput of the sys-
tem than in the presented scenarios. We suppose that
power pesk limitation in real systems can be reached
without a reduction in throughput.
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5 Summary and Outlook

This publication presents an enhancement of material
flow simulation by a calculation of electrical power de-
mand in order to evaluate systems power peaks.

First, we motivated the aim of knowing and limiting
power peaks in material handling systems. Second, we
set the chosen integration approach in relation to previous
work in the field. Then, we explained the way of model-
ling and the implementation. Finally, we used the simu-
lation of ahigh-bay warehouse with several SRMsto in-
vestigate the extent of power peak limitation in relation
to the transport performance.

We applied ahybrid modelling approach to create the
simulation model. The discrete event material flow mo-
del of ahigh-bay warehouse system was implemented in
the AutoM od simulation environment without power cal-
culation. In parallel, the power calculation model was de-
veloped with the MATLAB environment. Subsequently,
the calculation model was compiled into a DLL and in
this form integrated into the simulation model. Based on
the parameters of the SRM, the calculation model evalu-
ates the transport order data given from simulation and
predicts the power demand for the warehouse system.

Furthermore, we presented a control approach that
uses a device start delay for the reduction of system
power peaks. In simulation experiments we investigated
two different power restrictions and their effect on the
transport performance. The results show that both ap-
proaches can effectively limit power peaks in combina-
tion with a small reduction in the transport performance
of the warehouse system. The implementation and test of
the control in a real-world system are the next logical
steps. The modelling approach and the way of implemen-
tation are not limited to warehouse systems.

The idea of using electrical energy storages in mate-
rial handling systems motivates further work in the field.
In avolatile electrical demand situation, energy storage
systems can cut the unwanted peaks and lower the load
on the power network. Energy storage systems act as a
buffer between supply and demand, enabling the integra-
tion of local renewable energy sources in the power sup-
ply. The extension of the material flow simulation by mo-
dels and control algorithms of energy storage systems
supports the research in this devel opment.
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