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Abstract

This paper presents the simulation of an electric vehideafing: (i) pmsm motor, (ii) power electronics,
(i) batteries, (iv) mechanical drive modeling (takingabprofiles into account) and (v) observers and
controllers.

The simulation will be achieved in two steps: (i) HIL/RCP whehe system is divided into two real-
time simulators, the first dedicated for the electric vehahd the second for the controller and (ii) PHIL
where a battery is added to the simulated system.

Realistic aspects are studied, such as: (i) faults andrmaysstibures, (ii) performance of the controllers
and (iii) numerical stability.
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1 Introduction

In order to minimize time-to-market of control systems mamgustries have taken advantage of the
computing power of real-time hardware-in-the-loop (Hllfhalators to prototype and test their systems.
The increasing demand for faster switching frequency ieriter drives has pushed controller technolo-
gies to new heights. FPGAs have become the predominantdiegiynn the real-time simulation market
to prototyBe and test fast-switching inverters, and to &teupower electronics systems and motors at
latencies belows00ns. These low time-steps are necessary to properly simulatsient and harmonic
effects and to minimize the latency between controller dippulses and simulator currents fed back to
the controller. Additionalcliy, HIL simulations make it paisie to test system under hazardous conditions,
such as faults, that could otherwise damage costly equipriteaiso enables on-the-fly modification of
system parameters. Furthermore, Power-HIL (PHIL) sinmdedffers real power transfer between real
and simulated components. This enables tests on parts siytttem that can be difficult to properly
model or to model in all its complexity.

This paper presents, in a first step, an FPGA-based HIL/R@Raiion of (i? an electric vehicle and (ii)
a motor drive, divided between two real-time simulatorse Tihst one includes the power electronics,
battery, electric motor and mechanical system models wieecond implements the motor controller
that is switching at high frequency. In the second step, d.A@P simulation is covered, where the
battery model is replaced by an actual battery cell. Theespnding setup is shown in Fig. 1.

EVS29 International Battery, Hybrid and Fuel Cell ElecW&hicle Symposium



Windows host
computer

KEPCO Power amplifier LiFePO4 Prismatic
(current mode) battery module

Actual battery voltage

Sensors

currents /
EL-

OP4500 Real-time RT-LAB Rapid Control -
simulator Prototyping system

Figure 1: Setup of a PHIL/RCP Simulation of an Electric Véhigith a Real Battery Cell
2 Modeding

21 PMSM

When modeling motors, the accuracy of the model should aveayconsidered hand-in-hand with the
test objectives. For instance, when the test targets tearioperating range, where the evaluation of
current and torque harmonics is not relevant, a linkgamodel is sufficient. Advanced models, that take
into account non-linearities such as saturation, are plessising finite element analysis (FEA). Both

types are supported by the software used for this experiment

The PMSM virtual motor model is implemented on the OP4500idrv FPGA board and has a total
latency of1us from the power electronics gate signal capture at digitaliirof the real-time simulator
to the motor currents at analog outputs of the simulators tiaking it well adapted for PHIL/RCP
applications [1,2]. The chosen motor is the internal v-glilgpermanent magnet from JMAG. Details on
motor parameters are available in Table 1.

The lineardq motor equations are summarized below, namely, the statiogu
) Vsd
Ya | _ | —Rs/La  we Ya | |1 0 Rs/La v
(e —We —Rs/L, g 0 1 0 J‘I
and the output equation,
, Vsd
1d . 1/Ld 0 Q,/)d + 0 0 —1/Ld 1%
g | 0 1/L, g 0 0 0 54
Ym

As for the electromagnetic torque, it is given by:

3 ) .
Tem = EP(d}dlq - quld)
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Table 1: PMSM Parameters

Maximum power 100 kW
Maximum voltage 500 V
Maximum current| 283 Apeak
Maximum speed| 9000 RPM
Average torque 178 N.m
Inertia moment | 7.24e~2 kg.m?

Lg 0.261 mH
L, 0.555 mH
R, 1 mQ
Um, 0.1417 Wb
P 4

2.2 Power Electronics

The three-phase two—leveIOPower electronic inverter is aimulated on the OP4500 Kintex 7 FPGA
board using thelectric-Hardware SolveeHS from OPAL-RT. The method used in eHS is based on a
discrete-time switch model that consists of a constant ectadiceG,; in parallel with a current source
[3]. This method has one drawback, which is the need to saleelue for parametetr;. OPAL-RT
developed an algorithm to remedy the problem; optimi based on the minimization of (i) the
commutation losses and (ii) the simulation errors in kgyals between SPS and eHS.

Moreover, the currents computed in the FPGA/PMSM modelrgeeied back into the inverter circuit via
controlled current sources, in parallel witC' dampers adequately tuned to ensure numerical stability,
as shown in Fig. 2

MIRCIR

ORAR S e

Figure 2: Connection between PMSM and eHS

2.3 Battery

Batteries usually exhibit slow time response. Consequeatimplex models can be implemented in
real-time on CPU using MATLAB® Simulink®. For this simulati, each battery cell is modeled using
the Thevenin equivalent battery model, as shown in Fig. 3rgyhfe; is the ohmic resistance?. and

C represent the battery polarization effet},;; the battery terminal voltage arid, the open circuit
voltage [4]. The battery parameters used for this simulaéice constant, however, they could be set as
a function of the state of charge, and/or the cell temcFeeawhh the implementation of experimental
values in a look-up table [5]. The battery pack is modeled osition of identical cells having the
same parameters and therefore the same terminal voltageseg),lently, a multiplication is applied to
the model to simulate the whole battery pack. The equatieemng the battery becomes:

R,
+ Rs> Ibatt

Voart = Vo — | =————
batt 0 <RCC’3+1

Ibatt Rs

Figure 3: Battery First-Order Model
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2.4 Mechanical Power Train

Mechanical systems exhibit slower dynamic response tretradal systems and can be implemented on
standard CPU cores. Complex models can be simulated using-MB® Simulink®, SimScapeTM or
other multi-domain simulation. The mechanical system mpatars can be changed in real-time, while
the simulation is running, to analyze the influence of mo@debhmeter changes on the performance of
the controller hardware under test [6]. The free-body diagof the vehicle is pictured in Fig. 4.

oy

Figure 4: Free-body Diagram of the Vehicle

The mechanical power train is modeled following these steps

Defining the resistive forces that must be overcome by tretredanotor in order to accelerate the vehicle,
the free body diagram of the forces acting on a vehicle @lén a road with a slope yields:

1 .
fr= §CdragpaiTAfvi2)ehicle + Myenicleg Sin & + MyehiciegCrr COS @

Converting the motor torque to its equivalent force leads to

fM _ T]V[ kgear kdiff
w

The second Newton law dictates the vehicle speed:

NgearTdif f

Fy — F,
Vyehicle = / Tresdt
eq
where the equivalent mass of the @dy, is given by:
J k2.0 k2
Meq = Myehicie + _;U + Jmngearndiffw
Tw T’LU
Finally, the motor speed as seen from an encoder is:
kgearkdi
Wm = Mvvehicle
Tw
Table 2: Vehicle Parameters
Road profile slope angle a (rad)
Vehicle frontal area Af (m?)
Gravity acceleration g (m/s?)
Aerodynamic drag coefficient Carag
Tire rolling resistance coefficient Crr

Vehicle Mass

—]\/fvehicle (kg)

Air density pair (kg/m?)
Gear ratio kgear
Differential ratio kaiff
Gear efficiency Ndif f
Differential efficiency Ndif f
Wheel radius Ty (M)
Wheel inertia Jw (kg.m?)
Motor inertia T (kg.m?)

Vehicle speed

Vyehicle (m/b)
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2.5 Direct Torque Control

The principle of direct torque control (DTC) is to select tgpropriate voltage vector according to the
stator magnetic flux amplitude and position as well as ther &etween reference and actual torque. This
teﬂchrlnque is state-of-the-art; readers are referred tto[T@arn more. Figure 5 shows sectors in stator
af plane.
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Figure 5: Sectors - Staterg plane

The flux observer computes the stator flux based on (i) therstatrent readings and (i) the stator volt-
ages reconstituted from switches gates. Abundant litexasiavailable on this topic, but for brevity, only
two will be cited [7 and 8]. The controller is implemented dwe 1OP4500 Kintex 7 FPGA board using
OPAL-RT RT-XSG and Xilinx® System Generator software, ségd- The use of block connection
base programming tools greatly simplify the implementatdthe controller on FPGA. The maximum
switching frequency is set tt0kHz.
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Figure 6: DTC implemented with OPAL-RT XSG and Xilinx® Systé&enerator
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3 Real-TimeHIL and PHIL Simulation

Simulation will be achieved in two steps:
1. HIL/RCP real-time simulation using RT-LAB software anslot OP4500 real-time simulators,
where the first target is dedicated to simulating the coreplehicle (including the vehicle dy-
namic, power inverter, motor and battery) while the secomgléments the controller.

2. Power-HIL where the battery model is replaced by a reaébabperating with an ampilifier;

3.1 Hardwarein the Loop Simulation
The CPU model to be uploaded on the first target is shown in7Higlow:

OP4500 — Electric Vehicle OP4500 - Controller
F— - -7 777 | T
CPU (20 us) | FPGA (10 us) l
: rTTT Ty IV : groreeTasss st |
i Tem Mechanical Q E . E E |
| i =™ Power Train [ : Anal | b > : |
[] [ naio ] "
| ' : Uog | 0 | Flux Observer '
i IBattery Battery VBattery E | E > E |
I E Model E Min: 2.5 us | | E E I
| a B -
| | | L
| FPGA (500 ns) | | : ; I
[ ittt ] H H
| i VBattery - Vs Vi Ve b (10 us) | | i ' |
! ower : ' E
| i Gate Pulses Electronics | igattery E | Gate | i b
| . t| Digital | | Puses | {1 orccongol | ]|
! Va, Vb, V¢ ia iy ! 1’0 ] :
| | —=——— — | | | b
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Figure 7: HIL Real-Time Simulation

The “Dual PMSM Motors VDQ” and “eHSx64 CommBIk” blocks aremning on the real-time simulator
FPGA at a rate 0500ns, as they simulate the electrical equations of the PMSM mantdrthe two-level
three-phase inverter circuit, respectively. The battery the mechanical power train are simulated on
the real-time simulator CPU at a rate28fus.

The “Analog 10" subsystem monitors the analog outputs to dxat $0 the DTC controller real-time
simulator, namely, the motor currents and I, and the electric rotor angk used for flux estimation.
Furthermore, when moving to PHIL simulation, presentedubsection 3.2, the “Analog 10” block
monitors the battery current sent to the amplifier as welhadbattery voltage received from the amplifier.

The first simulation corresponds to the case where the eehatelerates until the speed readdtdsn/h

at38s, then the vehicle goes on a slopeséf at39.5s. The motor entities, namely, currents I, and/,,
voltagesVy,, Vi andV,,, as well as vehicle speed and electromagnetic torque aee giviig. 8. The
stator flux, namelyy,, 13, ||1|| as well as the flux sector are depicted in Fig. 9.
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Figure 8: Motor currents, voltages, speed and torque
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The second simulation corresponds to the case where thele/ettcelerates until the speed reaches
80km/h at 33.5s, then at3b5s it starts decelerating t80km/h. The same motor entities are shown as
before, together with battery current and voltage in Fig. 10
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Figure 10: Motor currents, voltages, speed and torquegiyaturrent and voltage

The third simulation corresponds to the case where the heeimicurs a fault aB1.8s while accelerating
to a speed o80km/h. Motor currents and voltages, as well as battery currentvaitdge are shown in
Fig. 11.

Motor Currents
I

Currents (A)

Motor Voltages
\

Voltages (V)

Battery Current
I

Current (A)
o353z
__'/g
qﬁ.
]
[
qa.‘

E s | Battery ‘Voltage ‘ : 23 2 /ﬁ\ /f’\\ /{A\\

8 1 SN SN

2 | 3 33.01 [
‘ 3|3 ‘ 34

Time (s)

Figure 11: Motor and battery currents and voltages
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3.2 Power-HIL Simulation

This setup replaces the battery model by a real physicagdyatiell, to be multiplied by the number
of cells composing a complete battery pack. This PHIL bats#mulation does not take into account
non-uniformed temperature in one pack, thus considerirgagtery cells to have an e% ivalent response
to the current that Is being drawn. The PHIL simulation ppleis shown in Fig. 12. As illustrated
in Fig. 1, a current amplifier is driven by the real-time siatol's analog output, which calculates the
battery current while the battery voltage sent back to theukitor is taken from the real battery voltage

measurement.
__________ 1 [—————————————=
HARDWARE | | ~ SIMULATION
| | ?
| | :
I lBattery I
Dot
I
! 4 B
I

Figure 12: PHIL Principle - Use of a battery

Figure 13 shows the battery voltage obtained from HIL andLPsinulations, as well as the battery
current and the vehicle speed. It is noteworthy that curaemt voltage responses to speed variation
respect the expected charge and discharge of the battergoMa, the slight difference between PHIL
and HIL results are due to the fact that the battery parametédiL are constant and do not take into ac-
count the changes of operating conditions, while the PHHIgI®ith the real varying battery parameters.
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Figure 13: HIL and PHIL battery voltage and current and mepmed
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Figure 14 shows the same PHIL entities as in Fig. 13, exceptavfault provoked a31.9s. This fault
consists of keeping the upper IGBT of the first phase of thertev open, thus giving the possibility to
test the impact of a fault on real battery cell. Of course, martscircuit test across the actual battery has
been made for security reasons, but this test can be dond isiiUlation mode if the battery model is
still valid for such case.
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Figure 14: PHIL Battery voltage and current and motor cugen

4 Conclusion

This paper presents HIL and PHIL methods now used by advgmoedr electronic manufacturers and
R&D centers to accelerate design and testing of complex naioiees and reduce time-to-market.

High-fidelity HIL testing and RCP are now possible using faBIGA/CPU-based real-time simulators
capable of simulating power electronics converters witfetsteps ranging fror200ns to 500ns.

HIL controller testing should be used to test controllerd protection logic implemented in prototypes
or Production—grac!e engine control unit (ECU) hardward. HCU testing enables evaluation of the con-
troller and protection system performance under steaatg-stransient and fault conditions that would
be difficult or risky to perform with the real hardware.

Moreover, adding the real battery in PHIL mode increaseithelation accuracy since the mathematical
model is replaced by the real battery. This may save devedaptime and cost since there is no need
to thoroughly test the battery to identify the battery mod&y using the real battery we obtain better
precision when prototyplng and testing controllers if tlaeiations of ambient temperature on battery
performance are neglected.

Furthermore, PHIL can be used to accurately identify batteodels of different battery types for sev-
eral operating conditions. These validated battery mochatsthen be used for HIL simulation (no real
battery) by several engineering teams to concurrentlyldpwend test several aspects of the controllers,
motors and car dynamics using different types of battenesoperating conditions. Concurrent develop-
ment using HIL simulation with validated battery modelslwhen reduce development and testing time
as well as time-to-market, since the use of expensive ladriea including the actual battery running at
full power can then be decreased.
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