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Abstract

In the development and validation of electric drives developers are facing great challenges. The existing
facilities for testing power electronics do not always fit the desired requirements. In this paper a test bench
including an electric machine emulator will be presented, which physically reproduce the power flow of
a permanent magnet synchronous motor. The core of the e-machine emulator is a real-time flux based
e-machine model that contains the characteristics of the desired machine. Furthermore, the performance
of an e-machine emulator in comparison to a dyno test bench and the benefits for the development of
alternative propulsion has been investigated. In the investigation could be shown, that the flux deviations
at stationary workpoints are under 1% in the area of constant torque.
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1 Introduction

In the development of hybrid and electric vehi-
cles the permanent magnet synchronous motor
(PMSM) is preferred by many automobile manu-
factures due to its high efficiency and power den-
sity. Voltage-source inverters with field-oriented
control are generally used to control these ma-
chines. There are two classic test bench config-
urations for the application and validation of the
inverter hard- rsmdp software:

o Hardware-In-the-Loop (HIL) systems with
e-machine simulation on signal level

e Dyno test benches with target machine and
load machine

In HIL systems the gate signals to the power
switches are connected to a PWM-acquisition
and a real-time e-machine model, which calcu-
lates the proper phase currents. The current sen-
sor signals of the power inverter are stimulated
artificially through a d/a converter. A classic
HIL system is only valid within its system lim-
itation. Physical effects on the IGBTSs, current
sensors and on the power parts are only repro-
duced by simulation. Dyno test benches are

closer to the target system, because the entire
drive including power electronics and target e-
machine is present. The mechanical load is gen-
erated by a load machine. This configuration is
very close to reality; however it is very expen-
sive, maintenance-intensive and has only limited
speed dynamics because of the high inertia of
the load machine. Furthermore, a cost intensive
target machine especially designed for integrated
transmission is necessary. An e-machine emu-
lator is an alternative test concept which emu-
lates the power flow of the real e-machine, but
completely without rotating mechanical parts. In
addition, 1t is possible to simulate many differ-
ent e-machines with little effort through varia-
tion of the model parameters. Compared to the
HIL system the e-machine emulator has the addi-
tional benefit, that the power stage of the inverter
can be operated without hardware changes. The
interfaces between emulator and inverter are in
contrast to HIL not signal lines, but phase lines
with real power flow. Four possible test configu-
rations for inverter test are shown in fig. 1. First
approaches and prototypical implementations of
e-machine emulators were published in the end
of the 1990s [1][2][3]. The described implemen-
tations (here: Virtual Machine) used simple in-
dustrial B6-Inverters as actuators to control the
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Figure 1: Test configurations for inverter tests

target phase currents. However, it turned out that
the e-machine emulator requires much higher dy-
namics and lower current ripples as the Device
Under Test (DUT). In publications [4] and [6]
approaches were presented that reaches higher
switching frequencies, lower current ripples and
an improvement of current dynamics by using a
multi-level inverter. For some years commercial
vendors distribute such systems, which make it
interesting for the automotive industry. In this
paper, such an e-machine emulators test bench is
presented. It focuses on the accuracy improve-
ment through the application of a flux based e-
machine model. Finally, the static and dynamic
emulation performance of the e-machine emula-
tor in comparison to a dyno test bench will be
investigated.

2 System Description

The inverter test bench shown in fig. 2 was
build up together with a commercial vendor for
e-machine emulators (S.E.T. GmbH, Wangen im
Allgdu). Two power supplies are required to sup-
ply the DUT and the e-machine emulator with
DC voltage. The three phase wires of the DUT

Figure 2: Overview of the inverter test bench

are connected to the e-machine emulator via cou-
pling inductance. Fig. 3 illustrates the struc-
ture of the hardware setup. The phase currents
and voltages are measured in parallel through the
e-machine emulator. The measured phase volt-
ages are input variables for a real time e-machine
model. Inside the model the target phase cur-
rents will be calculated by the numerical solution
of a differential equation. The target and the ac-

tual phase currents are used as input variable to
the current controller, which controls a high dy-
namic multi-level inverter. The ripple current of
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Figure 3: Em-emulator hardware setup

the multi-level inverter is much smaller in com-
parison to a two-level-inverter due to the higher
sum clock rate of the PWM. Studies on this topic
and control procedures were presented in [4] and
[7]. The multi-level inverter consists of parallel
inverters (B6 bridges) with phase-shifted control
of the gate signals and coupling inductance be-
tween each of the inverter legs. The structure of
the the multi-level inverter is shown in fig. 4.
The appropriate phase currents, which flow in
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Figure 4: Structure of the multi-level inverter with
four inverter legs per phase [7]

the real e-machine, are continuously adjusted by
combining e-machine model, current controller
and multi-level inverter. The position of the e-
machine is necessary for the field oriented con-
trol, which is measured by a resolver, an encoder
or Hall sensors. This signal is simulated elec-
trically by the e-machine emulator. The voltage
detection, model calculation, current regulation
and PWM generation takes place in a FPGA. The
emulation accuracy depends mainly of the per-
formance of the e-machine model. This will be
considered in the next section.

3 E-Machine Model

Many publications [4][5] dealing with e-machine
emulation uses a linear PMSM-model with con-
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stant inductances shown in the eq. 1.

. d . .
ug = Rgig + Ld%zd —wlLgig

. d . ,
Ug = Rgig + Lq%zq +wLgiqg+wy, (1)

The disadvantage of the model is that the satu-
ration of the electric motor ferrite core and the
space harmonics in the air-gaps are neglected. In
this paper an alternative e-machine model will be
presented that overcome these restrictions. The
model equations are described in a rotor fixed
dg-coordinate system. In this case, the first step
is to transform the input phase voltages into the
dg-system by the Clarke and Park transforma-
tion. The equation below describes the flux based
model.

d
wg = Ryig + % — Wi,

Cd
g = Raig + 20 1 oy @)

The eq. 3 calculates the air gap torque.

3
Te = 519 (wdiq - wqid) (3)

In fig. 5 the implementation of the flux based
PMSM model is shown. The v4,2144-Block con-

B2l

Figure 5: Implementation for the flux based PMSM
model

tains the conversion of the flux linkages 14 and
14 to the stator currents i and ¢,. Flux harmon-
ics can optionally be added to the flux linkages
14 and 1, as function of the electrical machine

angle ;.

Ya = Ya + Vaparm = Y+ fra (el
¢q = ¢q + wq,harm = wq + th (‘Pel) @
An approach to calculate the harmonic functions

Jndq(@er) was already presented in [8]. The eq. 5
shows how the look-up tables for the harmonics

can be calculated, where vy, ,, are the flux ampli-
tudes of the nth harmonic of the back emf.

o

fra (@e) =Y (Yngr—1 + Yneer1) - cos (6pe)

k=1

Jng (@et) = Y (=Unek—1 + Vnek+1) - sin (6per)

M8

B
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For considering the saturation effects, the flux
linkages 14 and 1, has to convert to stator cur-
rents. The ¢4 and ¢, currents components are

stored in two 2D-lookup tables, where @Ed and @Zq

are the input values. The data acquisition of the
flux tables is discussed in the next section.

ia=fi" <1Z}d7121q)

ig = J3 (Vas ) (©)
Alternatively, the d-and g-currents can be calcu-
lated by constant inductances, which corresponds

to the equation 1 (linear PMSM model without
saturation).

id _ TZJd - wp
Ly
ig = 1 Y

q

The preferred model can be chosen through a
switch. The fig. 6 shows the implementation of
the W 4,214, Block, that contains the flux and har-

monics tables of the PMSM-model. The advan-

Figure 6: Implementation of the Flux-to-Current-
Block (’L/qu2idq)

tage of the flux based model in comparison to the
linear model is the high accuracy in the simula-
tion of saturation and harmonic effects.

4 Model Data Acquisition

First, its necessary to obtain the e-machine char-
acteristics to fill the 2D lookup tables in eq. 6
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with accurate data. One possibility obtaining the
flux fields 14 and ), with respect to iq and 7,
is to perform a Finite Element Method (FEM)
analysis. This solution has the benefit, that the e-
machine don’t have to exist as a physical unite.g.
in early development stages. If a DUT of the tar-
get machine is present, an e-machine characteri-
zation on a dyno test-bench is a better choice due
to the higher accuracy. The structural representa-
tion of the used dyno test bench and the measure-
ment setup is shown in fig. 7. The main compo-
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Figure 7: Measurement Setup on e-machine test
bench

nents of the test-bench setup are the inverter with
controller, e-machine and load machine. Two os-
cilloscopes with together eight channels are uses
in the measurement setup. Through the star-point
symmetry just two currents i, 2, and two volt-
ages Ugqp, Upe are necessary to determine the sys-
tem fully. The inverter uses an integrated resolver
for the rotor position examination. The electrical
angle ¢.; can be obtained by the measurement
and demodulation of the three resolver signals
(Sin, Cos, Ext). With the measured phase cur-
rents %,,., phase voltages u,;. and the calculated
electrical angle o, the stator fixed values are
transformed into the rotor fixed coordinate sys-
tem by the Clarke and Park transformation. With
the transformed i, and ug, components the sta-

tionary magnetic flux 14 and 1), can be obtained
with the eq. 8.

U Rt
Vo= f1 =2 £
w
Rsig —u
e = fo= 211 ®)
w

For a complete flux field several workpoints with
variation of ¢4 and ¢, have be recorded. The re-

sults for g = f1(i4, i) are shown in fig. 8. The
last step is a field inversion of ¢ dq WL Lq-

<”¢d =f (id,iq)> inverse <id =fr! (Tlfd,”tlfq))
Vg = f2 (iayiq) ig = fp " (Ya:v0)

©
With the inverted flux tables the e-machine
model in the previous section (see eq. (6)) can
be filled with data of a real e-machine . At last
the lookup tables for the flux harmonics fp4 and
fnq can be filled by Fourier analysis of the target
machine back emf with eq. (5).

= workpoints
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-500
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Figure 8: Flux field 14 after e-machine characteriza-
tion

5 Emulation Results

In this section the results of the emulation accu-
racy are presented. In the first step the dynamic
performance of the em-emulator 1s investigated
through a step response. As an example a torque

step of 100 Nom at 400 min~! is represented
in fig. 9. In the first sub-figure the phase cur-
rents with the electrical motor angle are shown.
The angle ¢.; has been calculated through de-
modulation of the resolver signals. The second
sub-figure shows the phase voltages, where the
IGBTs begin switching at timepoint 0.035 s. The
3th and 4th sub-figures shows the transformed
currents iy, and voltages u,, in dg-coordinate

system. The time duration the DUT needs to con-
trol the target currents to a stationary endpoint is
about 10 ms.

In fig. 10 the torque step comparation be-
tween e-machine emulator (EME) and real e-
machine (EM) is shown. The flux harmonics on
e-machine emulator were deactivated to neglect
the effect of harmonic disturbance on the cur-
rent controllers. The flux harmonics in the real
machine have significant impacts on the current
and voltage ripples. The current i, reached the

stationary endpoint at the EM 3 ms faster as on
the EME. On EME the control rise times of both
currents ¢4 and i, are nearly equal whereas the

control rise time of the 7, current on EM is much
slower with high oscillations. The stator voltages
ug and u, differs between EM and EME mostly
in the dynamic area, when the currents are ris-
ing, between 5 and 10 V. Based on the measure-
ments it can be recognized, that the em-emulator
is an idealize environment to design current con-
trollers.

In the next step the static performance of the
model shall be considered. ~The e-machine
model, including the e-machine characteristics
measured on the dyno test bench, was uploaded
on the em-emulator. The e-machine character-
ization, described in section 4, has been done at
the e-machine emulator test bench, where several
work-points with 44, i, variation were recorded.

The results are displayed as an e-motor map in
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Figure 9: Torque step from 0 to 100 Nm at 400 min~! on e-machine emulator
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Figure 10: Torque step comparation between e-machine emulator (EME) and real e-machine (EM) at 1000 min
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Figure 11: E-motor map comparation between e-machine emulator (EME) and real e-machine (EM)
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Figure 12: Flux linkage field comparation of the e-machine emulator (EME) with real e-machine (EM)
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Figure 13: Speed and torque workpoint variation on e-machine emulator
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fig. 11. To identify the e-machine emulation ac-
\/®¥3 + 12 and the

torque hyperbola T¢; (eq. 3) of the real e-machine
and of the e-machine emulator measurements are
represent in one figure w.rt. ¢4 and i4. In the

figure it can be seen that the emulation accuracy
is very satisfying over a wide range in torque as
well as in flux linkage. There are only minor dif-
ferences of the flux linkage at work-points with
high absolute ¢, and low absolute 7.

Fig. 12 displays the same results, whereas the
flux linkage components 14 and v, are sepa-
rated. In the lower-left and lower-right sub-figure
the relative variations of the flux linkage com-
ponents are shown. The Mean Absolute Error
(MAE) of the ¥4 component is with 1.1% almost
twice as large as the 1), component with 0.59%.
In sum, this is a very satisfactory result, because
the parameters scattering through the production
of electric motors is higher than the error of the
emulation.

Up to this point, all the measurements has been
done at a fixed rotor speed in the area of constant
torque. In the next step the e-machine emulator
accuracy has been investigated in the flux weak-
ening area. Therefore, a set of work-points with
rotor speed n and torque demand 7™ variation
has been recorded at the dyno- and e-machine
emulator test-bench. The result are several maps
with ig, i, uq and ug w.r.t n and T, where uq
and u, are the output voltages of the current con-
troller. The currents 74 and 4, are the process

variables and controlled by current controllers.
Fig. 13 displays the results obtained from the
differences of the dyno- and e-machine emula-
tor measurements. It should be noted that the
flux weakening area begins at 1200 min~!. The
d- and g-currents in the area of constant power
matches exactly. Inside the flux weakening area
there are some differences of ¢4 between 4-14%.
However i, has minor divergences with a MAE

of just 0.2%. In the sub-figures bottom left and
bottom right the controller output voltages where
shown. The MAE of ug is just 1.3% and the
MAE of ug4 is 2.6%. As can be seen the error in
the area of constant torque is less than inside the
flux weakening area. One reason for the differ-
ences may be the higher line contact resistances
at e-machine emulator, which triggers to a volt-
age drop on the phase lines. Through the volt-
age drop the inverter controller increase the neg-
ative d-current to reduce the d-flux. So the higher
deviations of ¢4 in the flux weakening area can
be explained. In the next time the test bench
phase connections will be optimized to reduce
the phase line voltage drop off. Last but not least
the capabilities of the em-emulator to replicate
flux harmonics has been examined. Therefore,
the back emf of the real e-machine has been an-
alyzed with a Fourier analysis. The lookup ta-
bles of the harmonics has been calculated with
eq. 5 and uploaded to the em-emulator. The back
emf comparison between real e-machine and em-
emulator are illustrated in fig. 14. The back emf
has a distinct 5th harmonic, which has been repli-

curacy, the flux ellipses ¢ =

cated from EM-emulator with good precision.

6 Conclusions

It has been shown that an e-machine emulator is
an equal and inexpensive alternative to conven-
tional dyno test benches for the test of electric
vehicle inverters. The advantages are: no moving
parts and no maintenance, flexibility, by chang-
ing the model another motor type can be emu-
lated. The challenges are: Data from the real
e-machine is needed for the flux look-up tables.
These must be acquired from measures of a dyno
test bench. Alternatively, data can be acquired
from a FEM analysis. Generally the flux linkaﬁe
deviations are under 1%, which is less than the
production tolerances for most electric motors.
The largest deviations between model and mea-
surements has been measured in the flux weak-
ening area with 4-14%. Generally the system is
performing satisfactory, and will definitely be a
part of the future development of electric motor
drives and controllers.
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