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Reduced scale PHIL emulation concepts
applied to power conversion systems with
battery storage

Andy Varais, Xavier Roboam, Fabien Lacressonniére, Eric Bru and Nicolas Roux

Abstract—This paper deals power hardware in the loop
(PHIL) real time simulation (also called emulation) of
electric power conversion systems, especially the ones
involving battery storage. A case study related to a wind
turbine power conversion system hybridized with a
lithium-ion battery illustrates the main concepts. A
similitude reduction process is presented to scale the
model parameters in order to fulfill the sizing of a reduced
scale test bench allowing to achieve the PHIL real time
emulation. The original “time compression” concept is
also reminded. However, the main contribution of this
paper is the comparison between two concepts of real
time emulated devices (RTED) depending on whether
these concepts are based on a model (“model based”
RTED) or on a physical image of the actual device (“image
based” RTED). Advantages and drawbacks of both
concepts are discussed based on experimental results.

Index Terms—Batteries, power conversion systems,
power hardware in the loop, real time emulation, reduced
scale systems.

. INTRODUCTION

LECTRIC power conversion systems usually involve a

complex and time consuming experimental phase. The
experimental cost is huge especially for high power systems as
for wind power systems. Furthermore, environment dynamics
in renewable powered systems (solar irradiation, thermal
conditions, and wind speed) are “naturally unpredictable”
making difficult if not illusory to reproduce mastered
conditions in order to compare several design concepts or
several energy management strategies (EMS) with the same
environment. Furthermore, these unpredictable dynamics
usually lead to long time range of experiments to cover the
whole combinatory cases.

In this context, many papers are related to power hardware
in the loop (PHIL) concept [1] which consists in real-time
simulations which conjoin software and hardware testing
coupling simulations that are used for designing, analyzing,
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and testing of electrical power system components. This
concept is sometimes also called “real time emulation”.
Several studies apply this concept in the framework of
microgrids [2] electric drives [3] and transport systems [4]. In
this paper, this concept is applied to electric power conversion
systems, for instance wind turbine power conversion systems,
coupled with battery storage. The complexity, the cost and the
risk when using this latter device make also very interesting to
simulate it by means of real time emulated devices (RTED)
which consists in replacing the physical component by a
power hardware device that emulates it at real time [5].

The PHIL real time emulation process is usually developed
by “reduced scale experiments” with a device sizing adapted
to the rating of the reduced scale test bench. Therefore, it is
advisable to use scaled models both to decrease the
experiment cost and to adapt device sizing to the reduced scale
test bench. As numerical simulations make possible to deduce
the characteristics of the phenomena at real size, reduced scale
real time emulation based on PHIL experiments minimize the
risks associated with the experiments even in extreme
conditions [6] and decrease associated costs [7]. Such process
aims at experimentally validate the simulations especially
dynamic (real time) aspects related to control and management
of power systems [8].

In the paper, we mainly focus on RTED applied to battery
storage. Battery emulation for PHIL real time simulation are
used in several applications. In electric vehicles [9][10],
battery emulators are developed in order to test performance
of powertrain. A hybrid storage emulator
(battery/supercapacitor) can also be realised for testing
dynamics behaviours of a storage device and the energy
management strategy implemented in the electric vehicle [11].
For studying the influence of the thermal environment on
battery emulator, a thermal model is coupled with the electric
model [12]. For grid applications, battery energy storage
systems (BESS) is emulated by a model, which includes the
battery and power electronics interface [13]. To test functions
implemented in a battery management system (BMS), multi-
cell battery emulator allows reproducing electrical and thermal
behaviour [14-19]. Sometimes, a real battery is connected to
the PHIL test bench. In this case, the method is called battery
in the loop [20-21].

In the case study considered in this paper, the battery device
is associated to a wind turbine power conversion system. More



generally, renewable energy systems and smart grids or
microgrids are other typical fields of application; due to the
complexity of these systems, it becomes essential to apply
PHIL real time simulation for testing and validating controls
and EMS [22]. In [23], some alternative HIL setups are
proposed for real-time simulation and testing of microgrids.
Limitation of numerical simulation and advantages of PHIL in
distributed generation testing are emphasized in [24]. For the
development and testing of microgrids control and protection
functions, a model (including diesel generators, battery
storage, PV plant and wind turbine) in a PHIL environment
has been developed [25]. In [26], an electro-thermal
photovoltaic model is developed for PHIL simulation. In [27],
authors have recently presented a real time emulation scaled
from a large scale wind turbine system and power reduced for
a small-scale laboratory setups. Other scaling process consist
in per unit approaches [28].

Complementary to these studies, the main contribution of
this paper is related to the concepts for PHIL real time
simulation especially in the context of device scale reduction
for accelerated PHIL tests. Two different concepts of RTED
are also compared and discussed in Section Il. The reduced
scale process by means of a similitude approach is presented
in section 111 allowing to rigorously identify the scaling factors
given the degrees of freedom for reduction. The fourth section
finally presents the proposed concepts of RTED applied to a
wind turbine power conversion system hybridized with a
lithium-ion battery (LIB). Beyond the system model
derivation and its scaling, experimental analysis by means of
PHIL real time emulation are proposed on a reduced power
scale test bench. The time compression effect on both RTED
for a LIB at different thermal conditions are finally compared.

Il.  TWO CONCEPTS FOR PHIL REAL TIME EMULATION

In order to achieve a PHIL process, the RTEDs are
associated with physical hardware and software components.
Classically, RTEDs are based on a model of the actual device
from which the real time behavior can be simulated: this
concept is named “model based” RTED (see Fig. 1 upper
part). Another (less classical) approach consists of a copy of a
signal from a physical device : this concept is named “image
based” RTED (see Fig. 1 lower part) : the “image” of an actual
physical device whose behavior is copied and amplified
through “adaptation factors” from electrical cabinets usually
made of programmable sources and loads. An example (Fig.1)
of both concepts is provided in the particular case of a battery
device (a bidirectional power DC supply is used for power
amplification). Of course, these concepts can be generalized to
any physical devices such as sources (PV arrays, wind
turbines, fuel cells, etc), storage devices (flywheel, ultra-
capacitors, batteries, H2 storage, etc) or load.
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Fig. 1. Two concepts of RTED: (up) “model based” RTED, (down)

“image based” RTED.

The classical “model based” RTED only based on
numerical modelling has the advantage of being safer as only
a programmable source or load has to be used during real time
testing. The cost is also lower than in the case of the “image
based” RTED for which the cost of the physical device to be
copied must be included. Another benefit of the “model
based” RTED is the repeatability of behavior allows testing
the performance of different EMS under the same conditions
(solar irradiation for photovoltaic arrays, wind speed for wind
turbine, state of health for storage device). The flexibility of
numerical models is another advantage: the “model based”
RTED can be used whatever the scaling input variables. In
particular, section IV will show how it is possible to compress
the time if a reference model is considered in a “model based”
RTED. Contrarily, the same similitude may not be achieved in
an “image based” RTED due to characteristics of the physical
devices. For instance, in the case of electrochemical batteries,
the battery current has to be increased in order to reduce the
discharging time. Thereby, the discharging time is accelerated
but the actual capacity of the physical device decrease. Thus,
the similitude is not respected on that nonlinear actual device.
However, the real and clear advantage of the “image based”
RTED concept is related to its accuracy. Indeed, as illustrated
in the example of a battery, all technological and
environmental (temperature) conditions can be taken into
account in the “physical image” device. The aging
mechanisms of this physical image is also naturally enclosed.

TABLE |
COMPARISON OF RTED CONCEPTS

Risks Cost Flexibility | Accuracy
Model based

RTED J / J x
e | XK X X v

Table | summarizes these characteristics for both concepts.

I1l. REDUCED SCALE PHIL SIMULATION: THE SIMILITUDE
REDUCTION PROCESS

The purpose of dimensional modelling is to carry out
experiments on a scaled-model system and then to be able to
project the obtained results on the full-scaled system.
Similitude theory is a branch of engineering science concerned
with establishing the necessary and sufficient conditions of
similarity among phenomena. The invariance property
(similarity) allows defining the behavior of a physical system



by a complete set of dimensionless variables formed by
relevant physical variables. According to this theory, two
systems have the same behaviour (under the same
experimental conditions) if their dimensionless variables have
the same values. Then, it is possible to compare the systems
with each other by comparing their dimensionless quantities.
The Vaschy-Buckingham theorem [29] (or IT theorem), basic
theorem of dimensional analysis, allows setting how many
independent dimensionless variables can be constructed in a
physical problem that involves n variables. Reader may find
the detailed reduction process in [30].

The first step of the process is the “dimensional analysis”
related to the relationships between different physical
quantities by identifying their fundamental dimensions in [m],
[kal, [s], [A], [°K], [mol]. For example, a simple RL circuit
(Fig. 2) involves r=3 fundamental dimensions (i.e. m*-kg, s,
A).

E R
1

—_— Variable Symbol SI units

X Voltage v (. kg)s 3. A1
. di Current i @
v v=Ri+L— L Time t

dt Resistance R m?. kgs %477
Inductance L mi.kg. 572472

Fig. 2. Dimensional analysis of a RL circuit in the Sl units.

r is the number of independent variables, chosen among all
variables of the system that can be scaled for the dimensional
analysis. The r selected variables are the “degrees of freedom”
for the scaling process. In the RL circuit, both voltage and
current can be selected as scaling inputs in order to reduce the
system power. The time variable t can be chosen as the third
degree of freedom. Note that the time being a physical
variable among others, this scaling process allows
compressing time by creating a “virtual compressed time” that
may accelerate testing: this original idea is the main
contribution in [30].

The application of the Vaschy-Buckingham theorem
involves k=n-r dimensionless variables (also named = groups).
In the RL circuit case involving 5 variables with 3
fundamental dimensions, 5-3=2 dimensionless variables can
be defined setting 2 & groups assigned to R and L parameters.
As detailed in [21], the systematic derivation of the
dimensionless variables leads to the derivation of the
similitude factors S, which sets the ratio between “scaled” and
“original” (reference) system variables as in

S, = Xscaled (]_)

xoriginal

In the RL circuit, the = groups are:

i
mgr = RUOv~ 11t = R—
v )

i
m, = ROL'w™ it 1 =L—
vt

From (2), the similitude factors are obtained knowing that
these latter are equal to 1 (by definition) for the dimensionless
variables:

. Sv
Sng = =1=85=—
Sv Si 3
o LSS S ©)
= = = =
TS,S, LS

Equations (3) are well known relationships for the RL simple
circuit.

IV. APPLICATION OF PHIL REAL TIME TESTING OF REDUCED
SCALE POWER CONVERSION SYSTEM WITH BATTERY

In order to illustrate the main concepts related to the PHIL
real time simulation by applying the similitude theory to
reduced (power and time) scale power conversion systems, a
simplified case study that has relatively few physical variables
has been selected.

A. Architecture and modelling of the case study

1) Architecture of the case study

A wind turbine (WT) power conversion system
connected to a LIB has been chosen (see Fig. 3). In order
to make this case study as simple (but realistic) as possible,
actual generator (GEN) and its power electronic
association has been replaced by an “energetically
equivalent” DC generator supplying a DC-DC chopper.
The source device thus consists of a WT including its
rotating inertia J driving a generator. Through a DC-DC
chopper, this electromechanical sub-system feeds a DC bus
hybridized with a battery storage device. The rest of the
system is simplified to an “equivalent DC grid” which
absorbs the produced power.

Symbols used in Fig. 3 are defined in Table II.

Fig. 3. Simplified case study for reduced scale PHIL real time
simulation.
TABLE Il
SYMBOLS FOR WT CONVERSION SYSTEM
Variable Symbol Sl units
Wind speed Viind m-s™?
WT torque Tyr m?-kg-s™2
Generator torque Teen m?-kg-s™2
rotation speed 0 st
Generator current iGEN A
Generator e.m.f. egen m?-kg-s™3-A7?
Generator voltage Vgen m?-kg-s73-A7?
Time t s
Air density p m™3 - kg
Blade radius R m
WT inertia Ji m? - kg
Flux coefficient kg m?-kg-s72-A7?
Generator 2. a-
inductance L m*-kg-s7* - AT
Generator resistance r m?-kg-s3-A?




2) Modelling of the wind turbine power conversion chain

The torque Ty, produced by the WT blades depends on
the wind velocity vy,;,q:

1
Tyr = 2 Cr (/DpSRv‘iina 4
(M) @)

Cr(A) =
AOEES
The power coefficient Cp (A1) is a non-linear function of the
tip speed ratio 4, a dimensionless quantity depending on
Vywina, the shaft speed Q and the blade radius R:

RQ
1=

Q)

Vwind
The swept area of the WT is a function of the blade radius:
S =nR? (6)

In our case study, we take into account the torque drop
caused by the WT inertia J, but friction effects are
neglected:

o
]aﬂ =Twr — Teen (7

In this simplified case study, the electromechanical
conversion is provided by a permanent magnet DC
equivalent generator instead of the AC machine classically
used in wind generation system. Let us note that the DC
machine is seen as energetically equivalent to a vector
controlled inverter fed permanent magnet synchronous
machine or induction machine but with a simpler model. A
classical modelling is used for the generator:

€GEN = kd)Q
Teen = kd)iGEN (8)
. digen
Veen — €gen = — \Tigen + L dt

In the same way the DC-DC chopper is simply defined by
its duty cycle « through a classical average model of
converter:

©)

3) Reduced scale model of the wind turbine power sub-
system

The similitude reduction process described in section Il
is applied in order to derive a reduced scale model. More
details on the similitude reduction process are in [30].

In the sub-system associating the WT, the generator and
the DC-DC chopper, 4 independent fundamental
dimensions ([m], [kgl, [s], [A]) exist as emphasized in
Table Il. Thus, 4 degrees of freedom have to be selected as
the inputs of the reduction process. For this subsystem, we

{vGEN = QVpc¢
lchop = QAlgeNn

have chosen to scale the quantities p, iggy, Vepy and t.
Practically, the air density o will not be modified and the
system power will be scaled through both voltages v (V)
and currents i (A). The time t (s) may also be reduced in
order to accelerate PHIL tests. The “scaled” parameters are
calculated from the parameters of the original (ori) model
through scaling factors (S,):

02 0,2
VGEN"IGEN

0,204
5928y

(Twr)scatea = StSvGENSiGEN (Twr)ori

(Uwind)scaled = (Uwind)ori

(Teen)scatea =1(TWT)ori
(Dscatea = S_ (D ori
t
(eGEN)scaledO: S(;VZGEN (OeZGEN)orL'
t VéENSiG'EN
(R) scatea = T (R)ori
3 4
U)scaled = St SUGENSiGEN (])ori
(k¢)scaled - StSvGEN (k¢)0ri

StSvGEN (L) i
ori

(10)

(L) scatea =
IGEN
VGEN
(r)scaled = S— (T)ori
IGEN

In the same way the control parameters have to be adapted
to conserve dynamic properties (stability, time response) after
scale reduction. In our case, for a Pl current controller, these
adaptation equations on the control are:

. StSi .
(T scatea = S -CEN (Ti) i
SVGEN (11)
_ “VGEN
(Kp)scaled - SicEN (Kp)ori

Kp, Ti being the proportional and integral coefficients.

4) Electro-thermal model of an electrochemical battery

This subsection summarizes the main issues related to
an electro-thermal model of a LIB. Readers may find more
details related to this model and parameters
characterization in [31].

The electrical model presented in this study is based on
an extended modified Shepherd model [32] in which
several modifications have been made [33]. This model is
commonly used in the modelling of multi-physical energy
systems incorporating a battery and in particular for studies
of EMS of hybrid systems [34] or for health monitoring
[35].

Several assumptions are linked with this model. Among
them, Peukert effect, aging and battery self-discharge are
neglected in our case study. The battery model is described
by the following equations:

. o (Mdch Neh
Voat = OCV — Riva =~ Ralhat (S5 + 17— 50

SocC (12)



0OCV = E, — KQ (& - 1) (13)

d
Ty dt lpat + Upat = lbar (14)

where the variables are the battery current iy, (A), the
filtered battery current i (A), the battery capacity
Q (A-s), the battery constant voltage E, (V), , the
polarization constant K (\V/ A - s), the internal resistance R;
(), the polarization resistance R, (), the current filter
time constant T; = R,C, (S), the discharge logic variable
ngen and the charge logic variable n.,. The logic variable
ngen 1 €qual to 1 in discharging mode while in charging
mode, it is equal to 0. The logic variable n.,is equal to 1 in
charging mode while in discharging mode, it is equal to 0.
The i"q current filtered through the R,C, parallel network
in the Fig. 4 allows taking into account the dynamic
behavior on the battery voltage response.

From the battery capacity Q, the state of charge (SOC) is
calculated by using the common Coulomb counting
method (with a coulombic efficiency equal to 1 which is
convenient for LIB [36]):

_ f ibat dt

50C = S0C, i

(15)

where SOC, is the initial battery SOC.
It is possible to translate these equations by an

Equivalent Circuit Model as shown in Fig. 4.
G

that Upar

Rufch Nen
)‘?‘{SOC+ 1.1-50C

)

vz 7y

Vbu t

oV =f50C)

Fig. 4. Equivalent circuit model for Li-ion battery.

In order to take into account the influence of the ambient
temperature on the battery performance, a thermal model
can be associated with the electrical part. As for the
electrical model, a series of assumptions are made for the
thermal model, detailed in [31]. As for instance, the
temperature inside the cell is uniform, the predominant
head mode transport in the cell is the conduction
(convection and radiation modes are neglected) and the
parameters of the thermal model are independent of the
temperature.

The thermal model of the cell (as shown in Fig. 5) is
composed by a heat source 2p (W), a specific heat capacity
Cp (U/K), an internal heat transfer resistance Ry, (K/W) and
an external heat transfer resistance Ry, (K/W).

Ip Cp Ts Tamb

Fig. 5. Simpified thermal model of the cell.
The heat source 2p and Ry, can be expressed as:

S50C (16)

(17

where h, (W/m2/K) is the thermal convection coefficient
and S (M?) is the cell surface area (surfaces of negative
and positive terminals of the cell are neglected).

The surface temperature Ts (K) can be calculated by:

dls E0Riny Ts — Tamb
dt ~ CP(Rene + Renw)  CP(Rene + Ren) (18)

where Tamb (K) is the ambient temperature of the cell
(being also the ambient temperature of the battery).

The estimated temperature influences both resistances
R; and R, of the equivalent circuit model (Fig.4) which
values are governed from Arrhenius laws:

Eay Ea,

R, = K, eRTs R, = K,eFTs (19)

where R is the perfect gas constant (8.314 J-mol™-K™), K ,
is the pre-exponential factor, and E,;, is the activation
energy.

As the state of charge has a prime importance in energy
management process, its estimation must be as accurate as
possible. According to the state of the art [37], the SOC
estimation can be refined by taking into account the
temperature effects on the capacity (Q) derivation. A
polynomial fitting is possible as emphasized in Fig. 6.

11 r v v v v
Q=9.2x10"°Ts* - 6.15 x 107*Ts® + 1.15 x 1072Ts% + 9,6

p—
108 - P 1
pd
10.6 - A~
104
10.2
10} -
/ fide
98- SOC(T) = SOCy — m ® Measurements ||
,_// s — Polynomial fitting
96" L 1 1 L T ]
0 5 10 15 20 25 30
Ts(°C)

Fig. 6. Polynomial fitting of the battery capacity versus temperature.



The thermal parameter identification is detailed in [31].
In our case study, experimental data are extracted from
18650 format 1.6Ah Li-ion cells with lithium iron
phosphate (LFP) cathode and graphite anode. As shown in
Fig. 7, these cells are assembled in several modules
(connected in series and parallel) in order to obtain the
characteristics of the battery. The surface temperature of
the battery is measured by using a thermocouple attached
on the cell. Hence, the thermal model of the battery is
based on the thermal cylindrical cell.

Fig.7. Module of 8 Li-ion LFP cells developped by TYVA ENERGY.
5) Scaling of the electro-thermal battery model
As for the WT power conversion sub-system, the
similitude reduction process can be applied to the electro-

thermal battery model. The SI Units of variables are
summarized in Table I1I.

TABLE IlI

SYMBOLS FOR ELECTRO-THERMAL BATTERY MODEL
Variable Symbol S| Units
Voltage V (Vpae, Eo) m?-kg-s™3-A7?
Current i (iparsipar) A
Time t (¢,Tf) S
Capacity Q A-s
Polarisation constant K m?-kg-s™* - A2
Resistance 7 (K1,K) m?-kg-s3-A2
Activation energy Eq(Eq,,Eq,) m?-kg-s™2-mol™!
Perfect gas constant R m?-kg-s72-K1-mol™?!
Temperature T(Ts, Tamp) K
Thermal capacity Cy m?-kg-s72-K™?
Heat transfert resistance Ripe m~2-kg™!-s3-K
Convection coefficient h, kg-s™3-K™!
Surface of cell Seell m?

Six independent fundamental dimensions ([m], [kg], [s],
[A], [K], [mol]) of the battery subsystem appear in Table
I1l. Hence, there are 6 degrees of freedom used as the
inputs of the battery reduced scale electro-thermal model.
In this study, we have chosen to scale the quantities v, i, t,
T, R, and S. The perfect gas constant R and the cell
surface S will be fixed and the battery power will be
scaled through its voltage v and current i variations. The
time t may also be reduced in order to accelerate PHIL
tests. The “scaled” model parameters (see Table IV) are
calculated from the parameters of the original (“ori”
model.

TABLE IV
DIMENSIONAL ANALYSIS THE BATTERY DEVICE

(VbAT)scaled = Sv(VbAT)ari
(Eo)scaled = SV(EO)OTi

(ibAT)scaled = Si (ibAT)ori

(ipar)scatea = Si(ipar)ori
(Oscatea = Se(Oori
(Tf)scaled = St(Tf)on‘
(@scatea = SiSe(@ori
(K)scatea = SuSi ST (K ori
(K1)scatea = SpSi (K1) ori
(K2)scatea = SuSi (K2)ori
(Eal)scaled = STS”Sfl(Eal)ori
(E“Z)scaled = STS”Sfl(EQZ)

(R)scatea = SpSi (R)ori
(T9)scatea = St(T)ori
(Tamp)scatea = St(Tamp)ori
() catea = 505557 (Go)
(Renc)scatea = S S7 St (Renc)ori
(h)scatea = Shv(hv)ori
Scew)scatea = SvSiSt S} (Scer) ori

ori

The scaling process has been validated through numerical
transient simulations by comparing “original” sizing with a
“scaled” model and by considering several reductions on
variables such as voltages, currents and also on the time.

B. Comparison of two reduced scale PHIL simulation
concepts for battery device

A test bench (Fig.8) has been developed for PHIL
experiments. A dSPACE supervisor is used in order to manage
the PHIL simulation experiments. EMS are implemented in
the supervisor while emulator models are developed with
matlab-simulink. Scaling factors are set by a user interface
developed with Controldesk. Experiments are performed with
a common DC bus set at 300V. The DC grid is emulated by a
programmable DC loads connected to the DC bus. The battery
is emulated with a bidirectional DC power supply whereas the
wind turbine is emulated using a 15kW DC supply. These
physical emulators are connected to the DC bus through two
DC/DC boost choppers. A resistive load is coupled to the DC
bus in order to improve the stability of the test bench.

Data B DC loads and
power supplies &

acquisition
e B

Fig. 8 Test bench for PHIL simulation experiments.

The issue here is to compare the performance of both
concepts of RTED as presented in section Il. Two different
adaptations must be done in order to scale conveniently both
the WT power conversion subsystem and the battery storage



device (Li-ion battery 25.6V — 13Ah) to obtain a PHIL

simulation with the correct rating for our system test bench

(Fig. 9):

- For the “model based” RTED related to the 2MW
reference wind turbine system, voltage and current
scaling factors are used: S,’=1/5 and S;'=1/50. Hence,
the power is reduced by 250.

- For the battery sub-system, both concepts of RTED are
implemented in the test bench. The voltage and current
are amplified respectively by S,=6 and S;=7, which
makes a battery emulator with a 42 power amplification.

1/5; 1/8¢

1/Ss 1/S;
Fig. 9. Voltage and current adaptations from the battery (left part) and
from the actual wind turbine system.

In order to compare the performance of both RTED
concepts, a typical EMS is used for the real time PHIL
simulation. This EMS detailed in [38] is related to a “power
commitment problem” in the context of the day ahead market
for a WT (rated at 2MW) associated with a LIB. As illustrated
on Fig. 10, a commitment power (red curve) is forecasted the
day ahead. At real time, given the actual wind profile (upper
curve), the actual production power (blue curve) from the WT
can be inside or outside a tolerance band (black lines) around
the commitment power. Note that wind speed data are
sampled at 0.1s which is enough rapid with respect to the
inertia constant of the initial (scale 1) turbine but also in the
case of the reduced scale WT (reduced inertia). Depending on
SOC conditions, the EMS drives the battery power in order to
keep the grid feeding power (i.e. the sum of WT and battery
powers) inside the tolerance band to avoid penalties due to
“commitment failure”. In order to compare both RTED
concepts, we have zoomed on a typical portion of time with 4
hour of duration for which low production conditions with

8-
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H
> 2
0
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s —— Commitment
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Fig. 10. Test profile for actual wind and powers.

respect to a higher commitment power provokes a quasi-
continuous discharge of the battery.

In the following tests, the initial SOC is set at 40%. When
the SOC achieves 10%, the EMS stops the battery power.

1) Comparison of “model based” with ‘image based”
RTED for the battery device at different thermal
conditions
Both RTED concepts are compared in this subsection
for two different thermal conditions 20°C and 0°C. Fig. 11
shows the battery voltage for several RTED concepts and
the relative error (between the experimental battery voltage
measurements of the “image based” RTED Vbat, and the
“model based” RTED Vbaty,) calculated by:

E %) = 100

(20)

As emphasized on Fig. 11, the electro-thermal battery
model allows keeping a good accuracy even if the ambient
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Fig. 11. Comparison of “model based” vs “image based” RTED

concept under different thermal environments.

temperature decreases (Error is lower than 1%). It is not
the case for the “electrical battery model” based RTED at
0°C (for this model, the temperature dependence on the
parameters is not taken into account [31]). However, some
differences occur on the battery voltages with respect to
the experimental measures on the “image” especially at
low temperature. This confirms that an “image based”
RTED keeps a better accuracy when environment
conditions vary. It may certainly be the same with aging
effects, especially if the model does not take into account
of these effects accurately. These effects can be included
in “model based” RTED by coupling an aging model with
the Li-ion electro-thermal model. Equations modelling the
influence of the number of cycles on capacity and
resistances can be implemented in the battery model [39].

2) Time compression effect on both RTED concepts

Another aspect of the comparison is related to the time
compression concept. For the “model based” RTED, a
virtual compressed time with accelerated PHIL tests can be
achieved by also scaling the time variable in the model. As
illustrated on Fig. 12(a), for 2 thermal conditions, battery
voltage and SOC are perfectly in accordance if the time is



accelerated by Si=1/10 and Si=1/60. Note that 3 different
time scales are displayed on Fig. 12(a). In the case of the
“image based” RTED, no model scaling is possible. The
time  acceleration consists in  increasing  the
charging/discharging current (C-rate) in the battery. In the
Fig. 12(b), a “nominal C-rate” battery current I is
compared with a current multiplied by 10 to fasten the
transient. However, the loss balance increases if the C-rate
is higher and the voltages and SOC are also different,
especially at low temperature (the battery is stopped by the
EMS when the SOC reached 10%).

This latter analysis shows that the “image based” RTED
concept cannot be applied with time accelerated tests.
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Fig. 12. Time acceleration for “model based” (a) and “image based”
(b) RTEDs.

V. CONCLUSION

In this paper, the main contribution was related to PHIL real
time simulation with a scaling methodology. This
methodology allows adapting all model parameters when a
reduced scale real time simulation has to be achieved with a
reduced power test bench. In such a process, RTED can be
associated with actual hardware devices and with a real time
EMS. If similitude laws are correctly fulfilled in these RTEDs
by applying the appropriate theory, dynamics of the physical
system are “by definition” conserved after scaling. Thus,
dynamic conditions and consequently the stability of the scale
1 system should be the same as for the reduced scale system, if
dynamics (time constants, etc) of the control algorithms are
also adapted with respect to the process scaling.

Two different concepts of RTED have been compared: the
classical “model based” and the “image based” RTED. This
latter offers the advantage of its accuracy as the RTED is
based on measurements on an actual technological device (the
“image”) which dimensions can be adapted (scaled) to
obtained a RTED correctly rated with respect to the test bench
sizing. This concept also allows reducing costs and risks as the
“image” size can be reduced. In our case study the “image”
was a LIB which size is adequate to be inserted inside a
climatic chamber, allowing to test the device under different
ambient temperatures. However, the “image based” RTED
does not allow accelerating the experimental time which is
also a very interesting concept to test rapidly several EMS
over long term profile conditions. In that case, we have shown
that the “model based” RTED can perfectly operate. We are

currently thinking about a new RTED concept that would mix
both previous concepts, allowing to accelerate tests but
keeping at the same time the accuracy advantage in terms of
information of the physical “image”.
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