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Abstract V‘
This paper presents a finite element model-based real-time simulation &m’for the
permanent magnet synchronous motor (PMSM) driving system, which,(in4owbination

with the vehicle kinetic model, forms a complete electricvehicle ( are-in-the-
loop (HIL) simulation and test platform. The software G i establish the
PMSM finite element model, and the platform of fieldsregram te array (FPGA)

is adopted to construct the PMSM real-time simu @ | |te element model is
also retrieved to coordinate with the vehicle kipeticmodel m‘y to facilitate the testing
and development of the controller of the e matc the driving system, the
kinetics control algorithms, etc. Through c&g the tlme simulation of the motor

driving system with the experimental @s of ench as well as analyzing the
HIL simulation results of the entl paper verifies the accuracy and

effectiveness of this HIL sm% test p%w
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1. Introductio

Since the begi of t ntury, the eventual exhaustion of oil resources and
the mcrease prices hav me a topic of global concern, and meanwhile, the rapid
development the t apaC|ty has brought about more severe environmental

pollution [1]. Chara by zero emission and a sustainable source of erergy, the
electric vehicle is red as an ideal alternative to conventional cars.
The develop nd the matching of the motor driving system are the focus of the

research ar;{%e’v(e pment of electric vehicles. In this respect, offline simulation has many

advantage instance, it is fast and low-cost. But it also has some obvious
disadv: , I.e., its simulation results could not evaluate the real-time parameters of
drlvmg system in real-time situation [2]. Therefore, in the traditional
d?ment environment, it is impossible to test the controller or carry out the dynamics
matching verification before the completion of the electric-motor prototype. The
hardware-in-the-loop (HIL) simulation, however, can solve all of these problems. HIL is a
kind of real-time simulation technology which runs the simulation model using a real-
time processor and simulates the motion state of the controlled object in conjunction with
some hardware. It connects the under-test electronic control units (ECUs) or other
peripheral devices through an 1/O port and conducts a real-time test to the control
strategies and control algorithms which are constructed. It could revert, to the greatest
extent, to the working state when the vehicle actually runs and simulate the working
situation of semi-physical systems in extreme conditions to verify the fault tolerant
performance, reduce road test times, shorten the development period and decrease the
R&D cost [3].
The difficulty in real-time simulating the motor driving system lies in the complexity
of the system’s mathematical model and it is difficult for traditional HIL devices to meet
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the real-time requirements of the simulation. In this paper, a PMSM finite element model
is used to build the real-time simulation system for PMSM motors, inverters and vehicles
in combination with FlexRIO Boards and PXI Systems provided by NI Corporation.
Through simulating the details of work done by motors and inverters, such a system could
test and verify the control strategies as well as the hardware performance of EV
controllers and motor controllers, which could not only ensure the real time of the
simulation but also make the simulation closer to the real work condition. This paper
compares the simulation results obtained from this platform with the experimental results
of the test bench of the motor driving system, and verifies the effectiveness of the HIL
platform built in this paper.

2. The Overall Structure of Evs’ HIL Test Platform
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Qigure 1. The Overall Structure of the HIL Test Platform

@overall structure of the HIL simulation and test platform built in this paper
for &ectric vehicles is shown in Figure 1. It is made up of three parts including the
real-time models of motor controllers and motor driving systems (models of PMSM
and three-phase inverters) and the vehicle kinetic model.

The motor controller adopted in this paper is a prototype developed by the project
team. Optimal control strategies and space vector pulse width modulation
(SVPWM) are carried out to the motor. The TMS320F28335 chip from TI
Corporation is taken as the controller of the prototype. Characterized by stronger
floating-point operational capability, this DSP chip can collect the current and
position signals sent out by the HIL system in real time situation, and output 6-
channel PWM inverter IGBT gate driving signals to the inverter model after
completing the optimal control strategies and the SVPWM algorithm to control the
driving system of the motor.
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The mathematical models of PMSM and three-phase inverter are built in the NI
FlexRIO FPGA board. FPGA is the technology of field-programmable gate array,
which is essentially the building of models in hardware description language and is
highly real-timed. The specific modeling process of the motor driving system in the
FPGA platform will be described in detail later in the following part.

The vehicle kinetic model are built on the NI PXle platform. PXle-8135
controllers, corresponding data acquisition and CAN communication boards, etc. are
used for the real-time simulation of the model and its communication simulation
with other modules of the HIL system.

3. Building the HIL System Model

3.1. The Mathematical Model of the Three-Phase Inverter
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Figure 2. T rcwtpf e Three-Phase Inverter

Figure 2 shows the of a th ase inverter. It is mainly made up of six high-
speed switches, e of w nstltutes a bridge circuit. To facilitate the analysis
and calculation [4], uppe Iower leg of each bridge circuit are described using
the switchin tion S,( as follows:

, turned off, S, turned on)

)
(s
&(b [1 (S, turned on, S, turned off)
0 (S;turned off, S;turned on)
(Y s ®
(S, turned on, S, turned off)
Q ! (S turned off, S, turned on)
S =
@ ¢ 1 (Sy turned on, S, turned off)
Provided that the PMSM motor is a star-connected three-phase load in the equivalent
circuit, and the midpoint of the inverter is m , we can obtain:

[_
2
J| U, )
()
Wherein, U, is the a-phase output voltage of the inverter, and U, is the DC bus
voltage. Similarly, the output voltage of b-phase and c-phase can be easily obtained

respectively as Y,, and U, . Suppose that all the switching tubes have desirable
characteristics, the line voltage could be deduced as follows:
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Ul 1 -1 07U, 1
Ve =0 1 LU @
el L2 0 1]l

The expression of phase voltage could be further derived:
Uyl T2 -1 01[U,, ]
}Ubnizélo 1 —1Hubcl (4)
o] -1 o t]lu,]

Wherein,Yan, Yo and Y« are respectively the phase voltage of the three-phase
load.

3.2. The PMSM Motor Model
The model of the PMSM motor is established according to the@z dinate

transformation theory. The voltage equation is firstly built: ﬁ
Jvd =Rig+L, —~ x x)@
v =Ri_ +L D W

Wherein, v, and v, are the input voltagg'(q of P @j -g axes respectively, i, and
i, are the current (a ) of PMSM d-q \zspec ve@ i the phase resistance (o ),p is

®)

q
the number of pole-pairs of t e@& echanical angular velocity of the
rotor, y IS a permanent magﬁg&l Ly |s t axrs inductance and v, is the g- axis
inductance.
Through rearranging @ﬁon (5), @obtarn.
% - Rig + Po L, 6
Q’Q’ “04’ : |

di RI -Po_(L,i,+w
9 _ ( d'd ) (7)
Q dt L,
Through discretlzmba Ve equations, the iteration expression of the d-q current can be
obtained as follo s the discrete period):

Q\LV Jid(n+1):id(n)+T&
|

di (8)

?Q Liq(n+1)=iq(n)+T—q
dt
The electromagnetic torque equation of the motor is:

Te:%P[V/iQJr(Ld—Lq)idiq} 9

Wherein, 1, is the electromagnetic torque of the permanent magnet motor (nm ).

In the practical application of the HIL system, it is often required to simulate the motor
of a variety of different vehicles. Of these motors, the range of rotational speeds (for
instance, the maximum rotational speed of the In-Wheel-Drive motor is usually no more
than 2,000 rpm, while the maximum rotational speed of the centralized driving motor with
reducers may exceed 10,000 rpm), the power level, the DC bus voltage and other
parameters vary a lot. However, in fixed-point calculation on the platform of FPGA, the
range and precision of the data type are fixed, which requires the establishment of a
normalized mode| that could uniformly measure the current, voltage and other parameters
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of different motors to avoid data overflow and meanwhile to ensure that different motors
could all achieve sufficient accuracy in the simulation.
The physical quantities normalized by the following equations:

R Ld Lq @
Rn :R_(p'u')' Ldn :L_(p'u')' an :_(p'u')' Dpn = o (p'u')'
b b b b (10)
: iy - ig Va Y
Idn (pu) an :._(p'u')’ Vdn :_(p'u')’ an (pu)
Ib Iy Vy Vi

Wherein, r, , L, , 0, ,i, andv, are the reference values respectively of the resistance, the
inductance, the rotational speed, the current and the voltage, and
R, L, L i .v,.v,, are the normalized values of corresponding physical

[

dn’ qn'wmn’idn' qn' Vdn ' Vqn
guantities respectively.

Substitute equation (10) into equation (5) to get the voltage equation, rrent
iterative equation and the normalized form of the torque equation. It is b mscope
of this paper, sowe will not go into details here.

In traditional PMSM models, the d-q axis indu&%l |s set constant, but

among a number of parameters of PMSM, induct mear and its
nonlinear change is the key to the actual perfo of t [5]. Therefore, in
order to improve the simulation accuracy of th sys@? nonlinear change of
the inductance must be taken into conS|d n. Int s system, the parameters of
the permanent magnet motor inductanc the fI re generated by the finite
element model created by the softw AG ( c methods of operation see
3.3.), which could well reflect the mear s of the inductance, making the
HIL simulation closer to t I S|tu o as to significantly improve the

simulation accuracy of the

3.3. The IMAG- Bas
JMAG is used ish thesF)éﬂt model of the PMSM which is then input into

LabView RT. The reasf
(1). Establi @aggreg?a\@ del of the target PMSM in JMAG, set materials,

winding for gundar, itions, etc., and generate the mesh.

(2).Carry out simula nalysis to the PMSM finite element model established to
generate the RTT fi ich contains the motor inductance parameters and the flux
parameters.

(3).Compare o-load back electromotive force curve of the JMAG motor model

with that @Vactual target motor to verify the correctness of the JMAG motor FEA
model
Q bView RT, the inductance and flux parameters in RTT files generated by
retrieved in real time through calling the Read PMSM RTT File sub vi, which
are Wgput into the motor model for the high-precision real-time simulation.
The PMSM model used in this paper is built in accordance with the structure of an
interior permanent magnet synchronous motor (IPM). Detailed parameters are shown in
Table 1.

Table 1. Parameters of the PMSM

Parameter Value Parameter Value
Number of pole-pairs 4 Slot space-factor 70.6%
Number of slots 48 Inner diameter of rotor | 60mm
Rated power 50kw Max. power 150kw
Rated torque 200Nm Max. torque 750Nm
Rated rotational speed 2,400rpm Max. rotational speed 7,200rpm
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Stator phase resistance 0.3a Cooling-down method Water cooling
Turns of winding 22 Coolant flow 12L/min
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FigL@Q the static magnetic flux distribution cloud chart of the PMSM finite element
It in this paper, from which it could be seen that its distribution of static
ma%bic field tends basically towards saturation. This is consistent with the actual
situation of the PMSM motor. Figure 4 shows the simulation curve of the no-load back
electromotive force of the finite element model constructed in this paper at the rotational
speed of 2400rpm, with the peak value of 224.5V, while the peak value of the back
electromotive force at 2400rpm obtained from the prototype test is 225.5V. The error is
0.4%, which verifies the correctness of the FEA model built in this paper.

3.4. The Kinematic Model of the Vehicle

The kinematic model of the vehicle is built in software CarSim RT. This software could
generate a parametric model of the vehicle quickly and co-simulate with other real-time
systems. Specific parameter settings of the vehicle are shown in Table 2.
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Table 2. Parameter of Vehicle Model

Form of drive Rear-wheel drive
Curb weight (kg) 1,300
Wheel base (mm) 2,700

Distance from the Centroid to the centre of the

1,350
front axle (mm)
Height of Centroid (mm) 375
Wheel radius (m) 0.29
Form of suspension Independent suspension
Tire specifications 235/45 R17

Reducer speed ratio

4. Data Acquisitionand Interaction of the HIL S stem

Section two has already described the structure o sy e kinematic
model of the vehicle, the driving motor system mo ntrol strategies
(SVPWM) run separately on the three platforms@ g the D icrocontroller, the
FPGA platform and the PXI master controller fore @é interaction methods
between different platforms need to be designed. Figure ows the data exchange
architecture of the EV’s system. ?%

The kinematic model of the vehic Ie perated byyCarSim in the PXI Controller
outputs the rotational speed S|gnal o d the rotational position signal of
the PMSM system to the F real time situation [6]. The FPGA
platform simulates the work| f the motor; drlvmg system and delivers the values
of the electromagnetic torque 0 the PXI Controller to resolve the motion

a exc een the PXI Controller and the FlexRIO
A (Dir mory Access). DMA technology is different in
rtiC|p he CPU during data transmission, hence, greatly
SMi g§§ed Synchronous data transmission with the FPGA

state of the vehicle. The
FPGA is achieved via t
that it doesn’t nee
improving the d
could also b

The unde contr% eds to be connected respectively with the PXI system and

the FPGA platform It anges information with the PXI Controller via the CAN bus.
The baud rate is se 00k to simulate the communication between the controller and
the sensor and @r the motion state of the vehicle. The resolver input port of the
controller and th&-input port of the current sensor are connected respectively with an
FPGA Ada FPGA RIO simulates the signals of the motor resolver and the current
sensor, a tputs them to the controller in the form of simulating signals through the
ad e@ er processing, the controller will perform the SVPWM algorithm to generate
%/M driving signals of IGBT Gates which will be delivered to FPGA RIO in the
ornpof

f digital signals.
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Figure 6. Motor Test Bench

5. Experimental Verificationand Results Analysis

To verify the effectiveness of the motor model in the HIL simulation system,
comparative experiments are carried out in the motor test bench as shown in Figure
6. This test bench is made up of dynamometer machines, torque sensors, current
sensors, power analyzers and upper computers. The PMSM structure used in the
comparative experiments is basically consistent with the FEA model. To facilitate
the comparative analysis, the control method of iy = 0 is taken in both the HIL test
and the bench test as the control strategy of PMSM. The switching frequency of the
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inverter is 10 kHz and the dead-time compensation algorithm is added in bench test.
The experiments are done mainly at a speed lower than the reference speed.

5.1. Comparison betweenthe HIL and the Bench Test Results

The comparative experiment is carried out in a stable working state when the load
torque T ., = sonm and the rotational speed is 1000 rpm . The comparison between the

results of the HIL platform and the bench test are shown in Figures 7-8.
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Figure 7. The Three-phase &@nt u@f the HIL Simulation Test
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G@ure 8. The Three-Phase Current Curve of the Bench Test

Fi;ure 7 shows the three-phase current curve of HIL simulation in steady-state
conditions and Figure 8 shows the three-phase current curve of bench test in the same
condition. It could be seen from the comparison of the curves that the HIL simulation test
basically reverts to the working state when the wehicle actually runs. The simulation step
size of the HIL system reaches lusec, which is sufficient to meet the simulation needs of
the motor’s controller.

5.2. Results and Analysis of the Vehicle HIL Test Based on the Driving System
Model of the Motor

The vehicle HIL test system is verified in the working state of 0-60 rapid acceleration
with TCS control. TCS is implemented in the method of self-adaptive PID control.
Through the TCS controller, the driving system of the motor is controlled, and the control
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over the traction is realized by adjusting the driving torque. The results are shown in
Figures 9-11.

w

Velocities (km/h) Vx Rear Average I:I
110.0-
100.0-

20.0-
80.0-
70.0-]

60.0-] .

50.0- x)

40.0-]

0o . C}Y’
SR

-100—..... . e ....

00 02 04 06 08 10 12 14 1 8 20@ 26 2.8 3.031
e (8]
Figure 9. Curves of Vehmle@g d and@r Wheel Speed

It could be seen from the 5|m res Sal he control via TCS successfully
adjusts the driving torque tha |s to the k model of the vehicle from the model
of the PMSM system. The g tire skip.ratio of the vehicle at the time of rapid

acceleration is controlled tesbe around,0 oid the loss of power or out of control due
to the slippage of the ti ould b rom the driving torque curve shown in Figure
11 that the motor the HIL System could reflect the torque fluctuations in the
actual operation o otor, S motor model is closer to the real situation compared
with the |desource o model and the traditional fixed value motor model.

Such kind o que fl&lons should be taken into account in the development of

kinetic control, as the fluctuations may have a significant impact on the control

quality.
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6. Conclusion

In this paper, a finite element mode! i ’%n the Q@/are JMAG, on the basis of
which, a PMSM real-time simulation a ng Sys constructed on the platform of
FPGA. Through connecting with th %]the vehicle, a complete EV HIL
system is formed and the si step { ches lusec. The PMSM real-time
simulation system establlshed% paper solves the problems in nonlinear parametric
modeling on the platform of FPGA. And MSM model can well revert to the actual
working state of the mot r|V|ng @through comparing with the results of the
bench test. .

The S|mulat|o s of the “‘vehicle HIL system proves that the motor driving
system mod Hi ork inately with the vehicle kinetic model, which is of
great significande o the develepment of the controller of EVs, the development of
the powertra he tesi f dynamic control, etc. This HIL system could shorten
the development cy% V mechatronic projects and save development costs.
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