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Abstract. Development of power electronics devices have applications like autonomous drones, or VTOL vehicles,

never been so widespread among different industries than today. Which significance are rising rapidly.

Efficient power conversion, precise and efficient control of

electrified actuator systems, and of course electric powertrains The challenge of designing, testing and validating control

and electrical power generation is a challenge everywhere. The |oops for these converters is significant. To maintain the
oppqrtunitiesf provid.ed by Wide-bandgap semiconductor devices gntrol and keep the device operating within the limits

L”o‘igggarhjti;gg%‘éit'%? s‘éﬁgufgrtchoer;pmﬁgpigfévc‘;fgzeiofntﬁge provided by various standards, the control software needs
purpose of real-time hardware-in-the-loop simulation to support to be designed .and .Vallda}ted with care. Durmg the

power electronics development processes. FPGA devices can development off-line simulations Can_be used to size the
provide fast execution, with specific models deployed in their System and the components appropriately. However with
fabric, but compromising flexibility, both in hardware and in  the increasing switching frequencies, off-line simulation

numerical precision, whereas ARM based CPU cores can execute are starting to become very resource intensive and time
different models more easily but compromising execution speed. consuming, with run-times several magnitudes slower
This paper proposes an approach which embodies the benefits of than real-time. The low-level control software interacting

both worlds, utilizing the different hardware platforms in one
system.

Key words. Power electronics, testing, HIL, electrical
drivetrain

1. Introduction

The control of modern power converters is a continuous
challenge. The task is to design devices with optimal
utilization, minimum cost, but with better and better
efficiency and power quality. The development of the
underlying hardware architecture enables higher and
higher switching frequencies, leading towards more
efficient, more compact devices, and better signal
quality.[1] Devices based on classic semiconductor
devices, like silicon MOSFETS and IGBTs are tend to
operate in the range of 2 — 15 kHz, whereas modern, wide-
bandgap devices, utilising the potential of Silicon Carbide
(SiC) and Gallium Nitride (GaN) semiconductors in the
range of 20 kHz — 50 kHz.[2] The benefit of the higher
switching frequency is clearly visible in the size of the
passive components required to the power circuits, like
capacitors and inductors, resulting in much better
packaging efficiency, thus more compact devices.
Reducing the volume and weight of the power converters,
thus improving the gravimetric and volumetric efficiency

with the switching elements and regulating the current
waveforms can only be validated real- time, since in the
end, usually an embedded microcontroller or FPGA wiill
be responsible for the control. There are several reasons
to use a Hardware-in-the-Loop (HIL) system during the
development:

e HIL devices are usually flexible, the simulated
hardware can be changed, as the development
progressing

» HIL is available earlier and can be reused in
different projects

» Failure of the control software cannot lead to the
destruction of the hardware

e HIL devices are not requiring laboratory
equipment, high-voltage or high-power to
operate

HIL simulators however still can be a scarce resource for
developers. Since the switching frequencies of a range of
20-50 kHz, and the low time constant of the power
electronics devices, real-time requirements are very strict
in these applications. [3] If the modelled switching
frequency (§,) is 20 kHz, then to achieve a desirable
0.1% Pulse Width Modulation (PWM) signal resolution
in simulation, the sample time of the model needs to be at
least 50 ns to detect the change in duty cycle with the
desired resolution. 50 ns timing is not sustainable with

of the system is especially important in case of aerospace microprocessors and microcontrollers, neither with PC

setups; hence such models are usually compiled to



execute on FPGA$-PGAs ability to implement custo
hardware, tailor made to the model enable suclicar
timing. The limitation usually is the cost, sincarde
capacity FPGA devices (such as the Kintex or Vi
family) are coming with a significant price tag &
affordable devices are limited iterms of model
complexity.[4][5] A potential solution could be to divic
the model in multiple partitionsand only use the FPG
for the most time sensitive componente rest could be
executed on less speciddardware. The YNQ hardware
platform offers a composition of ARM cores and &FA
fabric, which could be utilized to test the aforemiened
approach.

This paper suggests an implementation of such
simulator, based on a low cost, commercially atde!
computing pl#orm. The main computationechardware
element is an AMD (formerly XILINX) XC7Z020-
1CLG400C SoC incorporating a Duatte ARM Corte-
A9 processor and an Artik- FPGA with 85.00(
programmable logic cells.

In the seconcthapter the paper introduces the <ated
power system anthvestigates the option of deployme
the various parts of the simulatiddhapter 3 explains ho
the model were implemented in MATLAB/Simulii
Chapter 4evaluates the results of the-line simulation,
and finally, chapter 5 condies the paper and sugg
ways to move forward.

2. The example system and partitioning

To demonstrate the concept the usual setup of aMP
drivetrain is proposed. The system will contain &
power source or energy storage, -phase, 2-level
inverter, and a ®hase PMSM machine, with
incremental encoder. The DC source will be a bg with
60 V of nominal voltage, which will be modelled wit
ideal voltage sourcelUf.). The voltage is chosen to
compatible with an available lowsltage experiment driv
system enabling further comparison measurements
real-life conditions. A resistive preharge system |
modelled for realistic startug-or the sake osimplicity,
the inverter will not model theletails o semiconductor
devices, only implement them as ideal switchesalRin
the machine will be modelled with aR —L —
Ugyr Model, implemented in Y- coordinate syster

[61[7]
=0

Figure 1. The schematic diagram of the modelled system
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In this model, the most time critical |s are the power
circuit of the inverter, and thieductanc of the electrical
machine. Hence, the parts which needed to
implemented in the FPGA:

e Sampling the PWM signals which ar
controlling the switches within thinverter.

e The voltage on the inductance of the mac.

*  Motor current and flux calculati.

« Emulation of the positionncoder.

» Driving the /A digital - analog converters to
generate the feedback sigr

In summary the motor current related calculatiomnd the
I/O handling is implemented within the FP(

On the ARM side, the rest of the mc, which is not
time critical can be implementeThese parts are either
having lower electrical time constarDC voltage), or
linked to a mechanical system (torque, E-EMF, etc.),
with usually even slower time conste:

« DC system voltage

*  Motor torquecalculation, mechanical loa

e Motor position calculatic

*  Thermal models

Regarding timing, the FPGA subsystem is runnindn \a&i
10 MHz clock speed, which leads t0100 ns sample
time. The parts modelled on the ARM core, will
running in an interrupt tgigered by the FPGA core wi
100 kHz, leading to a 10 us sample 1, 100 times
slower.

First, the theoretical feasibility of the timing regiraints
should be assessed. The bottleneck of the systdahe
calculation of the BacEMF voltage.Ugyr is used to
calculate the motor currents in every FPGA cy
however it is only updated in every 10 us, whenARM

task is running.In the behaviour of the system tl
phenomenon introduces an error which behaviourdc
be decoupled into a static and a amic component.

The static component is due to the sample timehe
ARM subsystem. Th&/g,r signal will have a 100 kHz
noise addition as a simulaticartefact since it will be
composed from 10 us long ste[To estimate the error,
the average diffemce between the actLUgy and the
sampled signal should be calculatDe difference of the
two signal will have &s dimension, so it is a flux err
on the inductance of the mao

_ te
Y, = Ugypr - _sample (1)
L. - Unom
— rel Lyom (2
w
U,
Woom = Lreigmr * % (3)
LY t2
err . sample

T = Uoyr - =4.5nV.

Compared to the nominal flux of 52,6 mVs, the resl
valueis marginal, therefore it is safe to conclude there
will not lead to issues with the simulat.



The dynamic part of the error is due to the chaggiature
of the Ugyr vector, both in psition, and in magnitud
The Ugyr value is calculated as follows:

(D) = Ry i (8) = @ - ¥ -sin (@) ,
Uy () = R iy, (t) + @ - W - cos (a) )

In the equations abovehe rotor position is an inpi
parameter. The positioduring constant rotor speeds ¢
be easily predicted in the next samplimgrioc. However,
when the torque is changing rapidly, tlprediction will
have an error.

As it is shown in eq. 3-4notor speed is calculated frc
the motor torque, which is calcutat from the moto
current, so the current signals need to be fedha¢aARM
subsystem.

3 .
mzz-Lq-‘P 3
dw da
_ - = - 4
m-me =050 0= g @

To avoid under samplingaused by the much low
sampling rate of the ARM subsystem, the transfe
current value is averaged with a 10 us window,
introducing latency in the system.

We can conclude, the speed error coulwonly caused by
the torque error, and the torqueror is caused by
potential current error, which cdie cause by inaccurate
information aboutUzyr . The use casés which ttis type
of error could be most apparent is either acceteyabr
decelerating the machine, sinttese operating modese
embodying high torque and higﬁrﬁ"/dt With the example
edgeease, the torque error during startup with a ste
nominal voltage can be as high a®®6nly after 1! us, if

we assume a = 1 kHz fundamental frequen, and 30%
relative inductance.

U w-t
Ai = 2. step = Lnom * SEep 5
L L‘rel ( )

= 1.2 4 (~20%)

Such high dl/dt is not sustainable during norrr

operation sincat would cause overcurre in very short
time, rominal current would be reached in 50. The
original acceptance criteria wedefined a a speed error,
so the effects on the rotepeed should be investigated.
estimate the rotor speed error, the motor ineh@ukl be
known. In our case of estimatidhe motor startup tim
(tstart) S€EM to be more useful,,tis the time until whict
the machine with nominal current reaches the nohn
speed. The higher the inertia, the slower the dévig of
the rotor speed is, so to have a worst-easeimption, let's
assume g, = 100 ms. This value is on the extreme ¢
even with free-running highpeed machine

Aw Lstep
=——=0.02%
wnom TSf(lT’C (6)

It can be seen, with these condition, 20% current
error, during the time until which overcurrent it
reached (30 us) will onlgaus: 0.02% speed error, which
is insignificant. Therefore,it can be concluded the
modelling approach is adequi

3. System Implementation in Simulink

The systemdr the demonstration was realized with
following parameters:

Value Unit
Upc 60 \Y
pp — pole pair number 2 -
L,.; — relative inductance 30 %
R, - relative resistance 5 %
L - inductance 28 mH
R - resistance 290 119
¥ — flux linkage 52,6 mVs
n_nom — nominal speed 6000 1/s

Table 1. Machine parameters

To maintain control over the system, a Texas |msénnts
TMS320F069 microcontroller will be utilized. Th
applied algorithm is a standard cascaded FOC dc
loop in a cascaded speed con For initial tests, the
motor torque calculation was disabled examine the
behaviour in a fixed positio

ZYBO PCB (ZYNQ SoC)

Analog Signals

PWM Signals

Control Card
TI F28069

Figure 2. Block diagram of the real-time simulator
hardware][ 8]

The model is implemented in Simulink for b

subsystems. Since MATLAB/Simulink is capable

generate code wleer in C or in VHDL, the same moc

structures can be used, . the partitioning can be
changed on demanf@][10]

To model the synchronous machine, the followi
equations were implement



To emulate the behaviour of the half-bridges, theid First, the behaviour of the electrical circuit wasted.
described with eq. 7 is implemented. The model With a fixed mechanical axle, a step change i®thiced
determines the output voltage based on the PWMakign to the reference of iq signal, from 1 A to 6 A. Tiesults
state and the direction of the current. It doesinolude are demonstrated on Figure 3.

any timing delay, transition dynamics, neither the

emulation of the losses. T '_'ié '
—~B 7iqref_
Uy = OV | if PWM,, = 0,0r PWM, = 1 & I, < [T~
> 0 7 24t -
Uy = Upc | if PWMy = 1,0r PWM, = 0 & Iy, o
<0 3ol ]
] . . . 1 —
The motor are modelled with a linear equivalent eipth e U S I
x-y coordinate system, described by eq. 8. 2 3 4 5
Time, t (ms)
. Figure 3. Current step sampled by the control hardware
iy (®) = L (Uinyy (8) = Upnary,, (0)) At (8)
Please note, that for efficient VHDL implementatidhe As it is observable, the current signal behaves as
model is used with fix-point arithmetic. expected: with a little overshoot, it follows theference
value. Here, the current ripple is not observaties is
The rest of the model -calculating the torque dnedBack- due to the synchronous sampling of the currentasibn
EMF- in the ARM partition is implementing the follang the control microcontroller, which means a sampieet
equations: of 5 kHz. The same step is visible on Figure 4, dath

by the FPGA, therefore the sample time is 10 MHae D

ig = iy - cos(a) + iy, - sin(a) to the higher resolution, the current ripple isyerell

iy =iy - cos(a) — iy - sin(a) ©) discoverable.
mzi-iq-lp LA L B B R R B L AL B I;iql
dw

m-—-—m; = HE (10) gﬁ_ ‘\\_\m\-;
wzfe-(m—mt)dt 5'4— ]

5
Q21 |
1 -
U (t) =R i, (t) — w-¥-sin (a) 11 ol N N B
u,(t) = Ry iy, (t) + w-¥-cos (a) (1) 0 1 2 3 4

Time, t {(ms)

. Figure 4. Current step sampled by the FPGA
In exchange of the slower cycle times, on the ARdes g PSPy

the signals of the model can be used as simpldirflpa

point numbers. After the current signals with fixed rotor angleear

verified, the functionality is proved in normal sge
control mode with an acceleration to a step chdrm®

0 to 500 rpm. The test results are presented oumré&if.
In this case, the sampling was also done by théralon
hardware microcontroller.

Another benefit of using Simulink as a code genenat
tool, is the model can be verified before implenrentt
on the real-time hardware.

4. On-line simulation and performance

evaluation , S —
100 - .

After code generation and integration within the = g4 et |
framework developed on the ZYNQ platform, real-time £ 60 - i
validation and verification of the model can be@xed. :C* woh i
To evaluate the performance and the usability & th E 20 7
system it should be investigated if the modelsbefgaving 0 .
as expected electrically and mechanically. It stidod also P U U R BT
proved; the different sample times of the ARM ahé t 0 200 400 600 800 1000
FPGA subsystem are not causing unexpected erroirsgdu Time, t (ms)

the simulation. [11][12] Figure 5. Speed step sampled by the control hardware



Finally the potential introduced errors by the skntpme
difference between the ARM and FPGA subsystem is
examined. As it was disclosed in Chapter 2, thé caase

of the potential issues is expected to be the Hail
voltage generated in the machingybiis calculated in the
ARM subsystem, which is only running in every 1Q us
however the signal value is used to calculate timeeat
waveform. The sample time difference will only cawm
issue if Wyris changing, which occurs when the angular
velocity of the machine is changing, therefore therent
waveforms during acceleration are examined on Eigur

N
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Figure 6. Current waveforms sampled by the FPGA

The current ripple is looking like expected, withany
additional 100 kHz noise added. An artefact cawibible
with roughly 1/8" of the frequency ofy,,. Since there is
no correlation between the ARM sampling rate arid th
frequency, it's safe to conclude that they are nedated.
The root cause of this phenomenon is the poor usal
of the interpretation of the PWM signal.

15'--'|-'--|'-"|"-'_|
10

Current, | (A)

sl L
0 0.05

0.1
Time, t (s)
Figure 7. Current waveforms sampled by the control hardware

0.15

On Figure 7. A startup from standstill is visible ih was
measured by the control hardware microcontrollagaiA,
the general behaviour is meeting the expectatioiib, the
additional noise around the peak values, whichikisly
due to the aforementioned PWM sampling rate.

5. Conclusion

As it was shown, the model partitioning is possible

between the FPGA and the ARM subsystem, and it can

work without losing accuracy and modelling fidelityhe
benefits from this approach are in one hand to lenaging
more cost-effective hardware for simulation purgosad
also to enable engineers to update the mechanicdkim
more quickly and adjust it to the needs of the wlar.
Reconfiguring the FPGA could take more than 10 teisu

or even hours in extreme cases, since the synthesis
the implementation of the Verilog code is very time
consuming, whereas rebuilding the C code only takes
few 10 seconds, enabling much faster iteration doop
Further investigation should be done, how the FEGA
resources should be utilized, either even fastempsag
rate should be achieved, or the model should bended
with non-linear functionalities.
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