
www.manaraa.com

Power-load management reduces energy-dependent costs of multi-aisle mini-load automated
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For economic and ecological reasons, the interest in the energy demand of material-handling systems is rising. As a
result, the operators of these systems increasingly pay attention to the energy demand and the costs resulting from it.
The energy demand of automated warehouses, with multi-aisle automated storage and retrieval systems, is volatile with
uncontrolled power-peaks. These power-peaks result in high energy and hardware costs. In this paper, the effect of a
power-load management on the throughput of the material-handling systems is investigated. We assume that the peaks of
energy consumption can be significantly reduced by delaying tasks, without having an impact on the throughput. The
goal is to find out the interdependence between the electrical power-limits of the power-load management (mean power
demand in a period and maximum power demand) and the throughput of the warehouse. The results show that, with a
maximum power-limit and a mean power-limit, the peaks in energy consumption can be avoided with only a slight loss
of throughput. Load management is an effective method to reduce the energy peaks of an automated warehouse, thereby
lowering the costs of automated warehouses.

Keywords: automated storage; AS/RS; material-flow; parallel machines; simulation; performance analysis; power-load
management; storage and retrieval machines; multi-aisle AS/RS

1. Introduction

On the one hand, globalisation gives companies the chance to enter new markets, gain new customers and access a
wider selection of suppliers but, on the other, it also exposes companies to greater competitive and financial pressure.
Handling new suppliers and new markets, as well as surviving in the competition, requires successful supply chain man-
agement; this includes the optimisation of logistic processes. These processes can be divided into ‘transport logistics’
and ‘intralogistics’. ‘Transport logistics’ is the logistics between supply chain hubs. ‘Intralogistics’ is the logistics inside
a hub combined with the related global information flow. Intralogistics systems are also called material-handling sys-
tems.

Highly effective material-handling systems (high throughput at low costs) are mostly highly automated computer-
controlled systems. Due to the rising costs of electricity, electricity charges contribute an ever increasing proportion of
their lifecycle costs: thus, the ROI and the efficiency decrease.

Additional costs arise through oversized electrical hardware (e.g. transformers, cables…), which is designed for the
worst-case power peaks, and through higher energy costs, which are caused by higher peak loads (highest energy con-
sumption in a specified time period – in Germany 15 min – over a billing cycle). These energy-dependent costs can be
reduced by downsizing the hardware and limiting the peak loads.

An effective way to reduce costs (both in energy and hardware) is to avoid volatile energy consumption. This can
be achieved with a power-load management (PLM) that prevents peaks in the energy consumption by delaying energy-
consuming processes (e.g. machine movements). In this study, the PLM prevents peaks of the multi-aisle automated
storage and retrieval system (MA-AS/RS) by delaying its tasks (e.g. travel to location X/Y). However, for the operator
of a material-handling system, the throughput of the system has the highest priority. For the strategies of a PLM system
to be accepted by the operators, it has to be shown that the PLM does not impact the throughput of MA-AS/RS.

In this paper, the impact of the PLM on the throughput of a mini-load MA-AS/RS is studied. Therefore, a simula-
tion model is built to simulate their behaviour and energy consumption. With this model, the dependencies between the
system throughput and the level of the energy-demand limits of the PLM are identified. There are two energy-demand
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limits: a maximum power-limit (MAL) and a mean power-limit (MEL; limit for the mean electrical power consumption
over a period of 15 min). This study focuses on automated warehouses with MA-AS/RS because of their highly volatile
energy consumption. Multiple parallel storage and retrieval machines (SRM) are investigated, so that electrical load-
balancing is possible. With the results, the operators can see that PLM is an effective way to prevent unintentional
power peaks and energy-dependent costs.

This paper is structured as follows. Section 2 gives a brief introduction to the topics of this paper and reviews the
related literature. The assumptions are described in Section 3, followed by an overview of the simulation model in
Section 4. The Sections 5 and 6 describe the simulation model controllers, and the SRM power calculation model,
respectively. In Section 7, the PLM model is described in detail, followed by the calibration and validation of the simu-
lation model in Section 8. In Section 9, the simulation is introduced and the simulation results are discussed. Finally,
Section 10 concludes this paper and gives recommendations for further research.

2. Background and literature review

This chapter provides an introduction to the topics of warehousing, power-load management and energy costs, followed
by the literature review.

2.1 Warehousing and SRM

Warehouses are an important component in the supply chain for buffering, consolidation, commissioning and value-
added processes. For the storage of totes in the warehouse, autonomous vehicle storage and retrieval systems (AVS/RS)
or AS/RS can be used. While AVS/RS are best for small warehouses with a high throughput, AS/RS are used for large
warehouses with an average throughput (Lerher, Edl, and Rosi 2014, 98). Due to their volatile energy demand, AS/RS
are investigated in this paper.

AS/RS normally consist of two storage-racks, an SRM moving in the aisle between them and one input and output
location (I/O). For a single-cycle storage (FEM 9.851 2003), the SRM picks up a tote at the I/O, moves it to a location,
stores it there and drives back to the I/O. A single-cycle retrieval is the reverse process. For a combined cycle, the
SRM picks up a tote at the I/O, moves it to the storage location, stores it there, travels to the retrieval location, retrieves
the retrieval tote from there and delivers it to the I/O. With a double-deep SR, the tote is sometimes blocked by another
tote, thus the blocking tote has to be relocated to retrieve the blocked tote. This process is called relocation. The overall
time of the combined cycle is the sum of the times for the movements (tIOP1; tP1P2; tP2IO) and the sum of times for the
storing and retrieving of the totes (t02; times for positioning, load-handling device (LHD) movements, etc.). The cycle
time is calculated as follows (FEM 9.851 2003):

tC ¼ tIOP1 þ tP1P2 þ tP2IO þ t02 (1)

The throughput is ‘the mean unit load flow in to and out of the warehouse’ (Verein Deutscher Ingenieure 1998) and
dependent on the cycle time. To calculate the throughput, the amount of cycles Zc (e.g. combined cycles) is divided by
the time demand to execute those cycles tc (Verein Deutscher Ingenieure 1998). Usually, the throughput (here of com-
bined cycles) is given as the amount of cycles per hour:

QC ¼ Zc
tc

(2)

Thus, in this paper, the throughput of an SRM is specified in the number of storages and retrievals per hour and not
separated into the different types of cycles.

2.2 Power-load management – PLM

A PLM is a system used to avoid peaks of electricity on the customer’s side (e.g. at a production site). The PLM has
limit values to determine whether a peak is too high. If the limits are jeopardised, the PLM delays the tasks of con-
nected machines (here, e.g. SRM). An abstract delay of the tasks of two SRM is displayed in Figure 1.

In this paper, the PLM has to check two different kinds of limits before it can release the task of a machine. The
MAL is a fixed upper limit for the maximum power. The MEL sets the maximum for used power capacity over a period
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(15 min). In some cases, it is worth varying the mean power-limit. For example, the mean power-limit can be raised
when energy prices decline because of over-production.

2.3 Energy costs

Electric energy costs for the industry consist (e.g. in Germany) of the demand charge and the energy charge. With the
demand charge, customers pay inter alia for the usage of the power grid. It depends on the peak load required over a
billing cycle (monthly or annually). With the energy charge, the used energy is paid for, i.e. the consumed amount of
energy in the billing period.

2.4 Literature review

The literature review is divided into the fields of:

• PLM for production-sites or households
• Energy consumption of AS/RS
• Travel-time models of AS/RS
• Load management for AS/RS

Research in the field of PLM for production-sites aims to reduce the energy consumption peaks and costs. Tasks are
postponed to reduce the highest capacity needed (Reinhart and Graßl 2013) or to use more energy in a time period with
a lower energy price (Hu, Qin, and Wang 2014). In households, PLM optimises the energy-use of machines (e.g. dryers)
to downsize the electric hardware (Bosen and Haepp 2010).

In the international research in the field of AS/RS, only few international papers address the energy efficiency of
AS/RS. Thus, there are few papers about modelling the energy-demand of AS/RS (Cárdenas et al. 2009; Ertl and
Günthner 2016; Lerher, Edl, and Rosi 2014; Meneghetti, Dal Borgo, and Monti 2015; Meneghetti and Monti 2014;
Tappia et al. 2015). Research in the field of AS/RS energy consumption can be divided into three main topics:

• Determining the energy demand in the planning phase
• Reducing the energy demand by hardware optimisation and
• Reducing the energy demand through energy-efficient control and warehouse management strategies.

Research focussing on the field of determining the energy demand during the planning phase aims to find methods
to compare the energy demands of different machines. Tappia et al. (2015) developed an analytical model to incorporate
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Figure 1. Delay of tasks of SRMs with a power load management (PLM), inspired by Müller et al. (2009).
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the environmental dimensions of AS/RS and AVS/RS in the assessment of automated warehouses. The results show that
AVS/RS need less energy per cycle than AS/RS, but are not always the most economical solution. Ertl and Günthner
(2013) developed an analytical method to determine the energy-efficiency of AS/RS for different loads, throughputs and
cubatures of the warehouse. To determine the mean energy demand of AS/RS, Ertl and Günthner (2016) developed a
meta-model and a simulation model. Besides, Lerher, Edl, and Rosi (2014) developed an energy efficiency model for a
mini-load AS/RS to determine the energy demand and the CO2 emission. This paper builds a good basis for calculating
the energy demand of an SRM.

The area of reducing the energy demand by hardware optimisation is distinguished in the optimisation of mechanical
or electrical hardware. Lightweight constructions lead to greater energy efficiency (Furmans and Linsel 2011; Günthner
et al. 2011). Due to the material and production costs, the payback is too long in both approaches. With DC-link cou-
pling between the axes, energy recuperation units to recover energy, and capacitors as short-term energy storage, energy
can be saved (Günthner et al. 2011).

In the field of energy-efficient control strategies, research has shown that reducing the maximum travelling speed of
an AS/RS reduces its energy consumption (Meneghetti, Dal Borgo, and Monti 2015; Meneghetti and Monti 2014;
Schulz, Monecke, and Zadek 2012). In order to avoid the loss of AS/RS throughput, the speed should only be reduced
if the time demand for hoisting is higher than the one for travelling.

In the area of energy-efficient warehouse management strategies, approaches like building energy-efficient double-
command cycle couples (Meneghetti, Dal Borgo, and Monti 2015); building and selecting storage zones depending on
energy demand (Siegel et al. 2013); selecting storage locations depending on the payload and the resulting energy
demand for the task (Meneghetti and Monti 2014; Sommer and Wehking 2013), as well as the use of automated ware-
houses as energy storage (Voß, Verl, and Schnierle 2014) were explored. All these approaches affect the logistic pro-
cesses of the warehouse management system, which is avoided in this research.

Much of the research in the field of travel-time analysis determines the travel-time with analytical models. The aim
is to calculate the travel-time of the AS/RS (Hwang and Lee 1990; Lerher et al. 2010) or to quantify the impact of I/O
positions, dwell-point strategies, the shape of the system, receiving and shipping strategies, storage strategies, order-
picking strategies and executing quadruple cycles (Bozer and White 1984; Gu, Goetschalckx, and McGinnis 2007; Xu
et al. 2015; Zaerpour, de Koster, and Yu 2013). In the majority of these models, ‘Crane acceleration and deceleration
are assumed instantaneous and are ignored’ (Gagliardi, Renaud, and Ruiz 2012). Only a few take the acceleration and
deceleration into account (Hwang and Lee 1990; Lerher et al. 2010). Meller and Mungwattana (2005) used a simulation
model to determine the performance and the response time of AS/RS with different dwell-point strategies. Unfortunately,
the simulation model is not detailed. Gagliardi, Renaud, and Ruiz (2015) have developed a simulation model to assess
the travel-time of an MA-AS/RS with different sequencing approaches. It includes some logistic processes, and accelera-
tion and deceleration is neglected. In addition to the AS/RS, Lerher (2015) developed an analytical model to determine
the cycle times for double deep AVS/RS.

Cárdenas et al. (2009) used a PLM to reduce the power peaks of an MA-AS/RS. The method is based on a genetic
algorithm approach that calculates the start times of their axes. The paper shows how to determine the start time of two
already-known tasks of two SRM, but it does not show how their method applies to realistic tasks which are generally
only known shortly before they have to be executed.

The literature review shows that there is no research on the energy demand in all machine states of an MA-AS/RS.
In many models, the acceleration and deceleration is neglected or assumed as constant in the calculation of the move-
ments. To represent the behaviour of the SRM precisely, all seven phases of movements (velocity, acceleration and
deceleration, as well as jerk) have to be calculated. As Ertl and Günthner (2016) and Lerher, Edl, and Rosi (2014) have
suitable approaches for determining the energy demand for the movements of one SRM, these models will be extended
in this paper for further investigation.

3. Assumptions

The following assumptions are made for this research:

• The investigated system is a mini-load MA-AS/RS with three aisles and one SRM for each aisle with an LHD for
one big or two small totes.

• Each aisle has a double deep storage rack on both sides with 72 columns (x-direction) and 32 rows (y-direction)
and one I/O located at the position XIO ¼ 0m; YIO ¼ 7m

• The SRM travels simultaneously in the horizontal and vertical direction and has a DC-link coupling between the
hoisting and the travelling drive.
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• The SRM operates either single or combined cycles, with a random storage assignment and the remaining strategy
as dwell-point strategy.

• The movement trajectories are calculated with speed, acceleration and jerk.

4. Simulation model

After providing the PLM with limits, the PLM delays machine tasks to stay within these limits. These delays have an
impact on the material-flow of the automated warehouse. As experiments are very cost-intensive, and because discontin-
uous processes (e.g. brake controls) as well as the interdependence of single SRM (delaying one SRM will influence the
other SRM) make the system too complex for an analytical approach, we opted for a simulative calculation with a simu-
lation model which is capable of dealing with the changing movement paths for the axes, the changing loads and the
dependencies between the SRM. Due to the combination of graphical modelling of mathematical formulas and event-
driven state machines, we decided to use MatLab® Simulink® as the environment.

The simulation model allows us to calculate the power and energy demand for a task list of an MA-AS/RS. The
simulation model, with its inputs and outputs, is displayed in Figure 2. The inputs are:

• A task list for every SRM that contains the information on time, machine movement and load (e.g. drive from
position X1/Y1 to position X2/Y2).

• The layout defines the number and type (e.g. mini-load system) of the SRM to be simulated.
• The machine parameters define all the parameters needed to calculate the movement and energy consumption of
the SRM (e.g. travel speed).

• The PLM parameters are MEL, MAL and the time period used for calculating the demand charge.

The outputs are:

• Throughput of the MA-AS/RS
• Energy consumption and power demand

The simulation model consists of multiple SRM models and one PLM. The calculations determine the energy
demand of an MA-AS/RS and are based on the calculations of Ertl and Günthner (2016). The calculations to simulate
the power demand of an MA-AS/RS are described in the following chapters. The PLM model is described in Section 7.

5. Storage and retrieval machine model

To reproduce the behaviour of the SRM, the SRM model consists of the task controller and the inner SRM model
(Figure 3). The SRM task controller’s objectives are to read the tasks of the task list one by one and to process the
needed input data (e.g. travel distance) for the inner SRM model.

The inner SRM model contains the brakes controller, the axes controller and the SRM power model. The axes con-
troller calculates the start times of the axes (Section 5.2) and the brakes controller reproduces the behaviour and controls
the states of the brakes (Section 5.3).
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Figure 2. Simulation model with inputs and outputs.
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The SRM power model contains the LHD and the axes power model. With these power models, the power con-
sumption for the movements of the MA-AS/RS is calculated.

5.1 SRM task controller

The task controller of the SRM is implemented as an event-driven system with the modelling tool Stateflow®. It pro-
cesses the data of the task list and controls the inner SRM model. In addition, it handles the tasks chronologically,
ensures that only one task is executed and requests the release of the PLM. For the release request, the task controller
calculates the energy prediction for the next task with the travel distance and the load of the task list; the SRM-state
machine then sends the release requests with the energy prediction to the PLM. Until the SRM gets a release from the
PLM, the task must not be executed. As soon as it gets the release, the inner SRM model is started with the processed
data.

5.2 Axes controller

Due to the static SRM parameters (e.g. travelling speed, acceleration…) and the varying travel distances for each axis,
the time demand for hoisting and travelling is rarely the same. Additionally, the drives work like generators and convert
the mechanical energy into electric energy when the torque has the opposite direction to the rotation. Depending on the
connection between the axes (Section 6.4), regained energy can be used by another drive, or recovered by varying the
start times of the axes.

Take, for example, an SRM movement with a higher time demand for travelling (x-axis) than hoisting (y-axis) and
the connection is a DC-link coupling or recuperation: to directly re-use the energy generated by the travelling unit dur-
ing deceleration, the hoisting process should start as late as possible.

Three special cases are distinguished. The start times of the axes tStartx, tStarty are calculated with the time demands
for travelling tx and for hoisting ty, and the distances for travelling sx and for hoisting sy using the following formulae:

Case 1: (ty > tx ∧ sy < 0)

Power Load Manager
Mean Power Limit jeopardised?
Max Power Limit jeopardised?

Requests release for 
the following task

SRM Model 1

Inner SRM Model

Axes 
Controller

Brakes 
Controller

SRM Power 
Model

Axes Power 
Model

LHD Power 
Model

Task Controller 
SRM

PLM issues release 
for the requested task

SRM 2

SRM 3

Request

Release Existing SRM Power Model

Figure 3. Structure of the simulation model and the SRM model.
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tStartx ¼ ty � tx (3)

tStarty ¼ 0 (4)

Case 2: ty\tx ^ sy [ 0
� �

tStartx ¼ 0 (5)

tStarty ¼ tx � ty (6)

In all other cases, the hoisting and the travelling movements start at the same time.

5.3 Brakes controller

The controller for the brakes is important for the processing of the tasks and for the power demand of the SRM during
the idle state and during the LHD tasks. As the drive has to be magnetised and has to keep the position of the SRM or
the LHD, the power demand of an SRM rises when the brakes are released. In addition, it takes time to open the brakes,
which delays the start time of the movement.

6. SRM power model

The SRM power model contains mainly the LHD power model and the axis power model. In addition, it calculates the
energy consumption of the on-board cabinet.

In the following, the drive trains for travelling and hoisting and their connection, as well as the LHD power model,
are described. The consumption of the on-board cabinet is measured on a test system and implemented in this model as
a constant.

The SRM has two main drive trains, one for travelling and one for hoisting. The drive trains deliver power for the
movements of the SRM. For the SRM, they convert the electric power into mechanical power. Figure 4 illustrates the
energy supply of an SRM (drive wheel (DW), belt drive (BD), gearbox (GB), drive unit (DU), travel unit (TU) and
hoisting unit (HU)). To calculate the power and energy demand, the following calculation steps are needed:

(1) Movement trajectory for both movements
(2) Power demand of both drives
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Figure 4. Energy supply of a SRM.
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(3) Power demand of the frequency converters
(4) Power demand depending on the connection between the axes
(5) The LHD power demand
(6) On-board cabinet and stationary cabinet power demand

All these steps are needed to calculate the energy demand and are described in detail in the following sections.
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6.1 Movement trajectory for both movements

The linear movement of the machine along the x and y-axes is divided into seven phases. The trajectory of a movement
with the seven phases in which the maximum speed is reached is shown in Figure 5. The phases are:

(1) Jerk-phase (increasing acceleration)
(2) Constant acceleration phase
(3) Jerk-phase (declining acceleration)
(4) Constant speed phase
(5) Jerk-phase (increasing deceleration)
(6) Constant deceleration phase
(7) Jerk-phase (declining deceleration)

Depending on the travel distance of the movement and the dynamic parameters (speed, acceleration, jerk), neither
the maximum speed, nor the maximum acceleration can be reached. The trajectory calculation is based on the work of
Ertl and Günthner (2016).

6.2 Power demand for both drives

The calculation of the power demand of both drives is based on the model of Ertl and Günthner (2016). Generally,
asynchronous drives or asynchronous servo-drives are used for SRM. The power demand of the travelling unit drive is
displayed in Figure 5. The diagram of the power demand of the travelling unit shows the three phases of the power
demand of a travelling movement. The acceleration, the constant speed and the deceleration phase. To calculate the tor-
que of the travelling drive MDx during a movement of the SRM acceleration axe, the mass of the SRM including the
load mSRM, the normal force on the drive wheel FNDW, the rolling resistance coefficient fRRx, the velocity-dependent roll-
ing resistance FRRvdx, the radius of the drive wheel rDW, the gear ratio iGBx, the acceleration-dependent efficiency factors
of the drive wheel g�DW and the gearbox g�GBx and the moments of inertia of the drive wheel JDW, the gear box JGBx and
the drive JDx are needed:

MDx tð Þ ¼ ax tð ÞmSRM þ FNDW fRRx þ FRRvdx tð Þð ÞrDW
g�DWg�GBxiGBx

þ JDWax tð Þ
rDW iGBxg�GBx

þ ax tð ÞiGBx
rDW

JGBx þ JDxð Þ (7)

With the torque MDx and the angular speed of the drive ωDx, the power demand of the travelling unit drive PDx is
calculated:

PDx tð Þ ¼ MDx tð ÞxDx tð Þ
g�Dx

(8)

The acceleration-dependent efficiency factors for the gearbox g�GBx, the drive wheel g�DW and the drive g�Dx of the travel-
ling unit depend on the acceleration of the drive unit and are calculated with the efficiency factors of the gear box ηGBx,
the drive wheel ηDW and the drive ηDx and the efficiency factor reduction of the gearbox during breaking ηGBredx:

g�GBxðax tð ÞÞ ¼ gGBx; ax � 0
1

gGBx�gGBredx
; ax\0

�
(9)

g�DW ax tð Þð Þ ¼ gDW ; ax � 0
1

gDW
; ax\0

�
(10)

g�Dxðax tð ÞÞ ¼ gDx; ax � 0
1
gDx

; ax\0

�
(11)

To calculate the torque of the hoisting drive MDy during the movement of the SRM, the speed vy, the acceleration ay,
the mass of the LHD including the load mLHD, the rolling resistant force FRRy, the radius of the driven toothed-belt disc
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rBD, the gear ratio iGBy, the direction-dependent efficiency factors of the belt drive g�BD and the gearbox g�GBy, the
moments of inertia of the belt drive JBD, the gear box JGBy and the drive JDy and the direction factor dy are needed:

MDy tð Þ ¼ mLHDay tð Þ þ FRRy tð Þ� �
rBD

g�BDg
�
GByiGBy

þ JBDay tð Þ
rBDiGByg�GBy

þ JGBy þ JDy
� �

ay tð ÞiGBy
rBD

 !
dy þ mLHDrBDg

g�BDg
�
GByiGBy

(12)

dy ¼ 1; vy tð Þ[ 0
�1; vy tð Þ� 0

�
(13)

For the calculation of the rolling resistant force FRRy, the normal force FNRy on the rollers of the LHD, the rolling resis-
tance coefficient fRRy and the velocity-dependent rolling resistance FRRvdy are needed:

FRRy tð Þ ¼ FNRyfRRy þ FRRvdy tð Þ; vy tð Þ 6¼ 0
�FNRyfRRy � FRRvdy tð Þ; vy tð Þ ¼ 0

�
(14)

The direction-dependent efficiency factors for the gearbox g�GBy, the drive wheel g�BD and the drive g�Dy of the hoisting
unit are calculated with the hoisting speed vy (upwards positive, downwards negative), the efficiency factors of the gear
box ηGBy, the belt drive ηBD and the drive ηDy and the efficiency factor reduction of the gearbox during breaking
ηGBredy:

g�GByðvy tð ÞÞ ¼
gGBy; vy [ 0
1

gGBy
; vy ¼ 0

1
gGBy�gGBredy

; vy\0

8><
>: (15)

g�BD vy tð Þ� � ¼ gBD; vy [ 0
1

gBD
; vy � 0

�
(16)

g�Dyðvy tð ÞÞ ¼ gDy; vy � 0
1
gDy

; vy\0

(
(17)

The hoisting drive’s power PDy is calculated as follows:

PDy tð Þ ¼ ay tð ÞmLHD þ FRRyðtÞ
� �

vy tð Þ�� ��
g�BDg

�
GByg

�
Dy

þ JBDay tð Þ vy tð Þ�� ��
r2BDg

�
GByg

�
Dy

þ vy tð Þ�� ��ay tð Þi2GBy
r2yg

�
Dy

JGBy þ JDy
� �þ mLHDvy tð Þg

g�BDg
�
GByg

�
Dy

(18)

In addition to the existing model, the drive current IDi for asynchronous drives (following i = x for travelling unit; i = y
for hoisting unit) is calculated with the drive’s nominal torque MDNi, nominal current INDi, magnetisation current IDMi

and efficiency factor g�Di (Riese and Fräger 2008):

IDi tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Di tð Þ
M2

DNi
ðI2DNi � I2DMiÞ þ IDMi

r
g�Di

(19)

6.3 Power demand of the frequency converters

To calculate the power for the frequency converter PFCi (following i = x for travelling unit; i = y for hoisting unit), the
power of the connected drive PDi and the power loss of the frequency converter PFCLi are needed. The power loss is
calculated with the frequency converter’s nominal power loss PFCLNi, the power loss when disabled PFCLci, the nominal
current IFCNi and the current of the connected drive IDi (Riese and Fräger 2008):

PFCi tð Þ ¼ PDi tð Þ þ PFCLi tð Þ (20)
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PFCLi tð Þ ¼ PFCLci þ PFCLNi � PFCLcið Þ IDi tð ÞIFCNi
; IDi � 0A

PFCLci; IDi\0A

�
(21)

If the brake for the drive is closed, the torque MDy and the current IDy of the hoisting drive are zero.

6.4 Connection between axes

Depending on the connection between the frequency converters of the x and y-axes, the energy can or cannot be recu-
perated. The main connection types are DC-link coupling and energy recovery. DC-link coupling means that the DC cir-
cuits of the AS/RS frequency converters are connected. That way, the regenerated power of one axis can be transferred
to the other axis. The power for the SRM axes PSRMAxes is calculated with the power demand of both frequency convert-
ers PFCx and PFCy:

PSRMAxes tð Þ ¼ PFCx tð Þ þ PFCy tð Þ; PFCx tð Þ þ PFCy tð Þ�PFCLcx þ PFCLcy

PFCLcx þ PFCLcy; PFCx tð Þ þ PFCy tð Þ\PFCLcx þ PFCLcy

�
(22)

If the AS/RS has a system for energy recovery installed, the regenerated power can be transferred between the axes and
then back to the supplying electricity grid. The energy recovery units suffer a power loss PRUL depending on the load.
To calculate the loss, the energy recovery’s nominal power PRUN, nominal power loss PRULN and power loss when dis-
abled PRULc is needed. There is an efficiency factor for recovering the energy ηRC. The power for the SRM axes
PSRMAxes is:

PSRMAxes tð Þ ¼ PFCx tð Þ þ PFCy tð Þ þ PRULðtÞ
� �

gRC; PFCx tð Þ þ PFCy tð Þ þ PRULðtÞ\0
PFCx tð Þ þ PFCy tð Þ þ PRULðtÞ; PFCx tð Þ þ PFCy tð Þ þ PRULðtÞ� 0

�
(23)

PRUL tð Þ ¼ PRULc þ PRULN � PRULcð Þ PSRMAxes tð Þj j
PRUN

(24)

6.5 LHD power model

The LHD power model simulates the power demand of the LHD. The power demand of an SRM during the LHD cycle
is a combination of the power demand for holding the position with the hoisting unit, and the power demand for the
movements of the LHD. The power demand for the hoisting unit in the simulation model is achieved by opening its
brake during the cycle. The power demand of the LHD is read from a file with a representative measured power
demand (e.g. single-deep cycle of a Box Gripper).

6.6 On-board cabinet and the stationary cabinet power demand

The on-board cabinet distributes the electrical energy to the drives and the LHD and has some other electrical compo-
nents (e.g. safety components) installed. The power demand of these components is simplified and reduced to one
parameter, the power demand of the on-board cabinet POC. Thus, with the power of the SRM axes PSRMaxes and the
power of the LHD PLHD, the power demand of the SRM PSRM tð Þ is:

PSRM tð Þ ¼ PSRMAxes tð Þ þ PLHD tð Þ þ POC (25)

The stationary cabinet distributes the electrical energy to the connected SRM and contains components for the energy
distribution, the control of the SRM (e.g. IT components) and the energy measurement. The power demand of these
components is reduced to the constant power demand of the stationary cabinet PSCc. The power demand of the station-
ary cabinet PSC needed to supply the connected SRM PSRMi is calculated as follows:

PSC tð Þ ¼ PSCc þ
Xn
i¼1

PSRMiðtÞ (26)
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7. PLM model

The objective of the PLM is to make sure that the energy consumption of the AS/RS remains under the set limits. To
achieve this, it checks whether the requested task will violate the limits. In case of a violation, the PLM delays the task
to prevent the violation of the limits. To check whether the limit is jeopardised, the PLM needs the energy demand of
the already-released tasks, the so-called ‘power demand prediction’.

As soon as the PLM receives a request from an SRM, it has to check both limits regarding their violation. To check
the limits, the PLM calculates the expectable power demand by adding the pre-calculated power demand of the task to
the power demand prediction.

For the mean power check, the PLM checks whether the mean of the expected power demand for this period is
higher than the MEL. If there is no violation, the check is passed.

For the maximum power check, the maximum of the expected power demand is checked against the MAL. If there
is no violation, this test is passed.

If any of the checks are not passed, the task is delayed and both checks are repeated in the next time-step. The sim-
plified communication between the SRM and the PLM is illustrated in Figure 3.

If both checks are passed, the power demand prediction is updated with the pre-calculated demand of the released
task. The expected power demand is therefore saved as the new prediction.

The PLM is modelled as a state machine with inputs for every SRM. As a state machine, the PLM is an event-dri-
ven programme and checks the request when the request event occurs.

8. Calibration and validation of the model

For the calibration and validation of the model, the simulation results are compared with the measured data of a real
system. This step is used to show that the simulation model represents the respective system and can be used to study
the behaviour of the MA-AS/RS.

The calibration and validation of the simulation model is handled stepwise. These steps are:

(a)

(c) (d)

(b)

Figure 6. (a) sx ¼ 28m; sy ¼ 0:01m. (b) sx ¼ 0m; sy ¼ 7:56m. (c) sx ¼ 0m; sy ¼ �7:56m. (d) sx ¼ 28m; sy ¼ 7:59m:
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(1) Calibration of torque and power demand of the axes (Figure 6(a)–(c)
(2) Validation of the SRM for combined movements (Figure 6(d))
(3) Validation of the power of the MA-AS/RS over a longer period of time

In this step, the simulation model is validated. First of all, the energy demands of the SRM and then of the MA-AS/
RS are validated. The energy demand of the SRM is validated with the measured energy demands of the movements of
a real SRM, as shown in Figure 6. The results show that there is a high correlation between the simulation and the mea-
surement.

To validate the energy demand of the MA-AS/RS, a power measurement system installed in the cabinet measures
the used energy of the three SRM every 15 min. In addition, the movements of the SRM during the measurement are
recorded in files. With the information of the SRM and their movements, the simulation is executed. The recorded
movements of the SRM are distributed over the entire length and height of the rack. The average material flow of this
AS/RS over the week is 35 storages/hour, 36 retrievals/hour and 8 relocations/hour.

The simulation results are compared with the measured energy demand. The results (Table 1) show that the simula-
tion model nearly delivers the measured mean power in 15 min.

9. Simulation

In this paper, a mini-load system with three identical SRM is simulated. These SRM are connected to the same station-
ary cabinet. A part of the recorded task list of the real system containing mixed single- and double-cycles is used.

To determine the throughput of the MA-AS/RS, the simulation model reports, after each simulation, how many stor-
ages and retrievals each SRM has completed. With these data, the average throughput for one SRM is calculated. The
MAL and the MEL are reduced stepwise.

In the first step, the full system throughput is simulated. Every SRM therefore executes its tasks without any idle
time in between. As the results represent the maximum system throughput, they form the reference for all further simu-
lations in this paper. The results for the throughput for high dynamic parameters (HDP;
vx ¼ 6 m

s ; ax ¼ 3 m
s2 ; vy ¼ 3 m

s ; ay ¼ 3 m
s2) and low dynamic parameters (LDP; vx ¼ 4 m

s ; ax ¼ 1:9 m
s2 ; vy ¼ 3 m

s ; ay ¼ 3 m
s2) are

displayed in the Figures 7 and 8 as ‘HDP w/o PLM’ and ‘LDP w/o PLM’.
The simulation results are illustrated in the Figures 7 and 8. Figure 7 shows the impact of the MAL on the through-

put of the system with high dynamic parameters and low dynamic parameters. As mentioned before, the horizontal lines,
‘HDP w/o PLM’ and ‘LDP w/o PLM’, show the throughput of the system with deactivated PLM. The markers on the
lines with PLM-activated represent the result of a simulation run. The MEL is reduced stepwise. In the ‘Worst-Case’, in
which the three SRM have the maximum power-peak at the same time, the power demand of the high dynamic parame-
ters is 117 kW, and the one of the low dynamic parameters is 93 kW. The differences between the maximum of the
‘HDP with PLM’ line and the ‘HDP w/o PLM’, and between the maximum of the ‘LDP with PLM’ line and the ‘LDP
w/o PLM’ show the loss of throughput due to the activation of the PLM. With high dynamic parameters and low
dynamic parameters, the loss of throughput through the activation of the PLM is 4% for sufficiently large MAL.

Table 1. Deviation between measured and simulated energy demand of the AS/RS for one week.

Measured 100% load 50% load 0% load

Mean deviation (kW) – 0.059 0.037 0.015
Max deviation (kW) – 0.372 0.309 0.247
Min deviation (kW) – −0.134 −0.165 −0.196
Mean deviation (%) – 2.45% 2.13% 1.91%
Max deviation (%) – 7.26% 7.07% 7.07%
Min deviation (%) – 0.01% 0.00% 0.00%
Total energy demand (kWh) 411.82 418.58 416.06 413.57
Total energy deviation (kWh) – 6.760 4.233 1.748
Total energy deviation (%) 1.64% 1.03% 0.42%
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As can be seen, the PLM has little impact on the throughput of the MA-AS/RS by reducing the MAL to 50 kW
(high dynamic parameters) or to 34 kW (low dynamic parameters). Lower limits significantly reduce the throughput.
With an MAL of 38 kW (high dynamic parameters) or 31 kW (low dynamic parameters), the system stops at a specific
time. This is due to the fact that the power demand of the next task has a higher power demand than the MAL and thus
never gets a release from the PLM.

The impact of the MEL on the throughput of the AS/RS is illustrated in Figure 8. The reduction of the throughput
is nearly proportional to the reduction of the MEL. Even with an MEL of 2 kW, the system performs tasks.

In the figure, the line of the low dynamic parameters is above the line of the high dynamic parameters. This shows
that, with the same MEL, the AS/RS with low dynamic parameters achieves a higher throughput than the one with high
dynamic parameters. The throughput of the system with the low dynamic parameters at an MEL of e.g. 8 kW is
137 movements

h and the one with the high dynamic parameters is 108 movements
h .

The used strategy of the PLM stops the SRM tasks by reaching the MEL. This means, for example, that if the MEL
is jeopardised after 2 min in a period of 15 min, the SRM stops working for the remainder of the period.

The results cannot be compared with those of other studies, because there is no other research in this field. As it
happens, through the activation of the PLM, there is a loss of throughput of 4%. This loss is mainly because of the sim-
ulation steps needed to get the release and the simulation step-size. In five hours, each SRM processes about 3300 tasks
which leads, with one step (0.1s) needed for the release, to a total delay of 990s.

The small impact of the MAL was expected, because the high power-peaks of one SRM occur rarely and for a short
time. There is a small chance that the peaks of two or more SRM could superimpose.

The MEL results show that, at the same limit with the low dynamic parameters, a higher throughput can be reached;
this is because, with high dynamic parameters, the energy loss of the SRM (e.g. friction, heat…) is higher. This result
shows that the dynamic parameters should preferably be reduced when the MEL is lowered.
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Figure 7. Throughput performance without PLM and with PLM and maximum power limits (MAL); Mean power limit:
MEL = 1000 kW.
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10. Conclusion

This paper provides an answer concerning the influence of a PLM on the throughput of an MA-AS/RS. The PLM
ensures that the mean power and the maximum power-limits are not exceeded. To do so, it postpones tasks in case of a
violation of any limit.

In this study, a simulation model was built to identify the impact of the PLM on the throughput. It simulates the
electrical energy demand of an MA-AS/RS. For that purpose, the layout of the system, the SRM parameters, a task list
and the limits for the PLM were needed.

The results of the simulation show that the PLM has an impact on the throughput of an MA-AS/RS. The release
request for every task of the SRM needs time, which reduces the throughput in the simulation model by about 4%. To
release the task, the PLM needs at least one simulation step. Nevertheless, with PLM, the maximum mean power in a
period, and the maximum used power of an MA-AS/RS, can be controlled. Using an MEL, the throughput of a system
with the same dynamic parameters (maximum speed, acceleration and jerk) is proportionally reduced. As the energy
demand of the tasks does not change, the mean energy demand has to be reduced by postponing the tasks. With the
described strategy for the PLM, it stops all the SRM for the remainder of the period when the MEL of that period is
reached. An alternative approach would be to reduce the dynamic parameters of the MA-AS/RS for the period. This
would reduce the power demand of the task, and thereby the mean power demand of the system, without stopping the
system until the next period starts. The results show that the MEL can only be reduced with a throughput loss.

The results of the MAL variation show that limiting the maximum power-peak by 50% only slightly reduces the
throughput of the system. The high power demand of the SRM occurs when the acceleration of the travelling unit and
the lifting of the hoisting unit are contemporaneous. The probability that multiple SRM are lifting with a high power
demand and full workload is very low. If the maximum power-limit is set to a level lower than the maximum power
needed for a task of one SRM, the system stops and is blocked as soon as a task with this power demand is on the task
list.
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Figure 8. Throughput performance without PLM and with PLM and mean power limits (MEL); Maximum power limit:
MAL = 1000 kW.
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With these results, it is important that the MAL is higher than the maximum power needed by one SRM. If opera-
tors accept a throughput loss of 5%, PLM is an appropriate tool to limit the maximum electrical power used by their
system and to reduce its hardware costs.

These results are valid for this use case and would have to be checked for other use cases. It is, therefore, important
to find out how the results are influenced by the task lists, the dynamic parameters of the SRM, the number of SRM
and the kind of MA-AS/RS (mini-load system or high-bay warehouse).
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