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Abstract: In this study, the authors propose a method to implement a low-cost hardware-in-the-loop (HIL) system for power
converters and microgrids design, test and analysis. This approach uses a digital signal processor (DSP) Texas Instruments as
the HIL core. All the differential equations of the power converters are solved in real-time by the DSP and displayed in the
digital-to-analogue outputs. Three different converters are modelled in this study: boost converter, single-phase inverter
connected to the grid and three-phase inverter connected to the grid. Experimental results are obtained and compared to the
HIL response. These results were made triggering the real converter and the HIL with the same open-loop pulse width
modulation signal, showing high fidelity between the digital models over the real systems. In a second moment, a microgrid is
modelled in the proposed HIL and tested with a closed-loop controller. The experiments show that the proposed hardware
supports time steps as low as 1 ys or 1 MHz update rate, depending on the model. The proposed technique has the potential to
reduce testing time and cost, once commercial HIL devices such as Typhoon, dSPACE and RTDS have a significant cost, not

affordable or available to all the research community

1 Introduction

In the last decade, there has been an exponentially growing interest
for microgrids, bringing a lot of development in new control
strategies and power conditioning structures. A big part of this fast
advancement is in parts due to the rapid evolution of hardware-in-
the-loop (HIL) control and modelling systems such as dSpace®,
RTDS® and Typhoon®. The HIL technology allows researchers to
implement and test their ideas faster, by building a digital
prototype instead of a real experimental setup, which can take
years in some projects to build. Furthermore, it allows researchers
to perform exhaustive testing with total safety, using commercial
control platform interacting with a virtual device.

Fig. 1 presents a real scenario with a digital control device,
where the electrical/mechanical system is controlled by a closed-
loop strategy. The real system's inputs/outputs can be voltage,
current, pressure, temperature, speed, etc. The inputs are applied
into the system by an actuator (power drive), while the outputs are
read by the controller via analogue-to-digital converter. In most
projects, building the system's prototype can be quite time-
consuming and costly. Moreover, some experiments are impractical
or unsafe in real life, for instance, short-circuit tests in power

HIL Device
Sensor &
signal & — —{ Mechanical/Electrical Output
conditioning
Real System
Analog & Digital Inputs Mechanical/Electrical input
/
Real Controller et
Power =
Analog & Digital Outputs]—) . b

Drive

Fig. 1 Flow chart of a real control system emulation
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transmission systems. Therefore, a digital model interfaced with
real controllers and actuators running in real-time can reduce costs
and time for testing ideas. In addition, it provides the security of
not working with real variables like high voltages, high or low
temperatures, high speeds, etc.

In practical terms, a HIL simulation experiment is carried out as
the second step of the prototyping process. The first step is the
computational simulation (PSIM, MatLab and etc.) of the circuit
and control strategies. Once they work effectively, we can proceed
to the second step, HIL simulations. This phase is made in order to
thoroughly test a commercial/designed controller using a virtual
model of the power system, saving money in development and
making it easier and safer to test critical conditions, such as short
circuit, over voltages, etc. Only after extensive trials in a virtual
platform that the real controllers are tested in real conditions, as in
aerospace industry and high voltage systems.

In this context, Fig. 1 also presents the HIL device, where the
real controller is connected in closed-loop to a digital
representation of the real system. The digital model (HIL) is
basically a set of differential equations representing the
mathematical model of a real system and solved in a very short
time step (7). A typical CPU-based real time (RT) simulation can
only achieve a minimum time step of 75 > 10 us caused by the
large bus latencies in a CPU [1, 2].

In order to reproduce faithfully the system's behaviour, the
simulation frequency (f, = (1/T)) must be considerably higher
than the system's input frequency. Thus, in order to model a HIL
power converter for microgrid simulation purposes that is
switching at some dozens of kHz, we naturally need a time step
Ty < 10 ps.

The main solution in the literature for solving the CPU-based
HIL high time latency is based on the field-programmable gate
arrays (FPGAs). This hardware has excellent parallel processing
capacity and small bus latency, making it an ideal solution for RT.
However, low-level programming is a huge disadvantage [1].
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Several studies have been made using FPGA platform for real-time
simulation in recent years [1, 3—10], part of this development is due
to new tools that allow developers to program FPGAs in a more
friendly environment, as an example we have the Xilinx® Tool
provided in Matlab/Simulink [7]. In [1] the authors claim to have
achieved time steps from 200ns < 75 < 650ns depending on the
complexity of the model. Just as a comparison, the commercial
system Typhoon-HIL® can achieve a time step as low as
T, >500ns [11] (Tg > 1pus for Typhoon HIL402), and for the
RTDS® T > 3 us [12].

Based on the aforementioned arguments, we propose the
implementation of a HIL system for power converters and
microgrid emulation in RT. Different from the systems presented in
the literature [1-13], instead of using FPGA, we propose the use of
a low-cost digital signalprocessor (DSP) LaunchPad C2000
Delfino F28377S designed by Texas Instruments. This device is a
32 bits floating-point unit and a 200 MHz clock speed, ensuring
low bus latency with high-level programing (C++ using CCS by
Texas Instruments).

The main contributions of this paper are: the development of a
low-cost HIL device; the microgrid RT emulation based on DSP
with high-level programing, which makes the modelling very easy
and precise; the validation of the models with the comparison of
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Fig. 2 DSP configuration of HIL

HIL converter versus real converter; the reduced time step
achieved (860 ns), comparable to that of the commercial systems.

This paper is organised as follows: in Section 2, we describe the
implementation of the digital model on the DSP and mathematical
model of a boost converter in state-space modelling. In Section 3,
we describe the mathematical model of the single-phase inverter
connected to the grid and the digital implementation of the model.
In Section 4, we describe the mathematical model of the three-
phase inverter connected to the grid and the digital implementation
of the model. Section 5 presents the experimental setup and results,
comparing the HIL models and experimental outputs. Section 6
presents the HIL device controlled in closed loop, proving this
technique to be a powerful research tool. Section 7 presents the
conclusions of the proposed approach.

2 DSP implementation and converters modelling

Fig. 2 presents the basic algorithm of the DSP implementation of a
general HIL model. The sample time is set by generating an
interruption every 7T using the DSP epwm interruption. Thus, the
code remains in an empty loop until the interruption is trigged, then
the inputs are read and the equations of the model are solved as fast
as possible before another interruption is called. In this paper we
are only modelling switching converters (pulse width modulation
(PWM) or sinusoidal pulse width modulation (SPWM) inputs),
thus all the DSP inputs are set as digital inputs (0 or 1) as the PWM
duty-cycle (D).

For modelling power converters, several papers have studied
different approaches; between them, we can refer to well-known
state—space modelling, modified nodal approach [13, 14] and
Network Tearing [7]. In this paper, we focus on space—state
modelling.

Figs. 3 and 4 show the basic boost converter topology, during
which the active semiconductor is on (D=1) or off (D=0),
respectively.

In this model, Ly is the inductance, while Ry is the losses of
inductance; C is the output capacitance; lastly, R is the load on the
DC-DC converter terminal. The power semiconductor is modelled
as resistance R,, for D =1, and an open-circuit for D = 0. The
diode is modelled as a 0.7 V voltage source in series with
resistance Ry during D = 0 and an open circuit during D = 1. v, is
the output capacitor voltage and i is the inductance current, both
being the state-variables.
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Fig. 3 Boost converter model
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Fig. 4 Boost model on
(a) Closed switch (D = 1), (b) Open switch (D = 0)
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Fig. 5 Single-phase inverter connected to the grid model
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Fig. 6 Single-phase inverter connected to the grid simplified model
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Fig. 7 Three-phase inverter connected to the grid model
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Fig. 8 Three-phase inverter connected to the grid simplified model

Modelling the boost converter when the semiconductor is
switched on (D = 1) (Fig. 4a) we write (1) and (2), respectively.
When the switch is turned off (D = 0), the complementary model
is achieved (Fig. 4b), and as a result we get (3) and (4) as well

N

Vou— Rt~ LN i) = 0 ()
dr(® vl

& TR @

Viu— Rt - L 07 - Ry vy =0 ()
dv, . X

B0 - 20 )

Making D as an input (0 or 1), the discrete model of Fig. 4 can be
defined as (5)—(8):
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digl(ck) = (Var = Ruic(k = 1) = (0.7 + Ryir.(k = 1) + ve(k — 1)
5)
(1 = D) = DRogi (k = D)7
dc
dve(k)  i(k—=1) velk = 1)
& ~ - ¢ DR (6)

Finally, integrating (5) and (6) by the rectangular integration
method (backward difference), we have

iL(k) = i(k—1)+ %Ts (N
ve(k) = ve(k = 1) + %Ts (8)

In this context, from the mathematical model (5)—(8), we define the
discrete model implemented inside the DSP, Fig. 2. After solving
the equations, they are displayed by means of a digital-to-analogue
converter (DAC) built-in in the DSP evaluating board.

It is important to remark that solving the discrete equations
using more sophisticated iteration methods would take too much
processing time, making the use of DSP impracticable for real-time
simulation of switching converter.

3 Single phase inverter model

Figs. 5 and 6 present the single-phase inverter connected to the
AC-grid and its equivalent model. In both figures, L represents the
inductive output filter, R the inductance losses and v,. the single-
phase grid voltage. V4. and i4. are the DC-link voltage and current,
respectively, while i, is the current delivered by the voltage source
inverter to the AC-grid. R,, is the parasite resistance of the

semiconductors during on-state. Using the simplified model
(Fig. 6), we can rewrite the dynamic model (9) given D as the input

di, (¢
V2D = 1) = Ropiet) — L2252

t = Riipe(f) = voe(1) = 0 (9)

Making D the input (0 or 1), the discrete model of Fig. 6 can be
defined from (10) up to (12):

dio (k)
dk

= V(2D = 1) = Ryipc(k — 1)

: (10)
_Roniac(k - 1) - Vac(k)z

Integrating (10) by the rectangular integration method (Backward
difference), we have

iac(k) = iac(k - 1) + %Ts (11)
ige(k) = i (K)(2D — 1) (12)

4 Three-phase inverter model

Additionally, in Figs. 7 and 8 we show the three-phase inverter
connected to the grid and its simplified model. In the model
aforementioned, L, L, and L. are the output inductive filters, while
R, Ry, R, are their losses. vy, and iy are also the dc-link voltage
and current, respectively. Vi, Vin Vens g ipsbe and D, Dy, D,
represent the voltage, current and duty-cycle of the phases A, B
and C, respectively.
Using the simplified model (Fig. 8) we can redefine (13)—(15).

3835



di, (¢
Vcha - La lgg ) - aia(t) - Van(t) + Vcn(t)

. (13)
. dic(t)
R0+ LYY v .p.=0
dr
diy(2) .
VacDp — Ly, gt = Rpip() = Vpu(t) + veu(?)
. (14)
. dic(t)
R0 + LY _y.p.=0
dr
L)+ i) +i(t)=0 (15)

Making D,, D, and D, the inputs (0 or 1), and rearranging (13) and
(14), the discrete model of Fig. 8 is defined from (16) up to (24)

di,(k

Gll) — [VeuDy = D+ (Gl = v )
+Ri(k — 1) — Ri(k — D]K, (16)
- [Vdc(Dh - DL‘) + (Vcn(k) - Vbn(k))

+ Rk — 1) — Ryip(k — DK,

dip(k) .
% = [Vac(Dp = Do) + en(k) — vpn(k)) + Reic(k — 1)
~Ryip(k = DIK: ~ [VaelDy = D) (17)
+(Vcn(k) - van(k)) + Rclc(k - 1) - Raia(k - 1)]K3
Integrating (16) and (17) by the rectangular integration method
(Backward difference), we have (18) and (19)

. . dig(k)
() = ik = 1)+ =5 =T, (18)
diy(k
i) = ik — 1) + %TS (19)
io(k) = — ia(k) = ip(k) (20)
lae(k) = iq(k)Dq + ip(k) Dy + ic(k)De e2))
di(k
o) = LAy R0+ vl @)
diy(k
a0 = L il + v 23)
di(k
ven) = LA ) 4k 24)
K., K, and K; can be defined as
L+L 2
K = LiLy+L,L.+ LL,  3L|L,-L,-L.-L (25)
L+L 2
K. = LLy+LL.+LL,  3L|,-1,-1-L (26)
O — 27
T Laly+ LL.+ LI, 3L|L,-L,-L.-L 27)

5 Experimental setup and results

In order to compare the designed HIL models with the real power
converters, we trigger the real converter with the same PWM signal
as the HIL system. The PWM source we set an ARM processor
(SAM3X8E), and the HIL models are stored in a DSP Texas
Instruments, LaunchPad C2000 Delfino F28377S, presented in
Figs. 9 and 10. The results are compared measuring the real output
of the converter against the DACs outputs of the DSP-HIL system.
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Fig. 9 Flow chart of the proposed experimental setup

Fig. 10 Experimental setup, 1: inductor (3.8 mH), 2: power converter; 3:
Arduino Due controller (SAM3XSE ARM), 4: HIL (F283778S)

Table 1 Boost circuit parameters

Symbol Quantity
Lyc 3.8 mH
R 0.35Q
Ron 030
Ry 020Q
R 36 Q
c 940 pF
Ve 10V
Srwm 1 kHz
T 5us

Table 1 presents the parameters stored in the DSP-HIL boost
model and used in the real converter. The HIL time step is set
Ts = 5 ps or interruption frequency 200 kHz.

The experimental comparison between the HIL and real boost
converter during a transient in the duty-cycle (from 0.33 to 0.5) is
shown in Fig. 11. We can clearly see the precision of the HIL
model, overlapping almost perfectly the real converter's behaviour.

The small divergences mainly arise from the fact that the non-
linear characteristics of the inductor were not modelled, as well as
from the minor errors in estimating the internal losses of the
components. Nevertheless, the accuracy of the HIL model is
remarkable.

Table 2 presents the parameters of the single-phase inverter
stored in the DSP-HIL and used in the real converter. In this case,
we use a 370 Hz sinusoidal reference wave and a 2 kHz PWM to
trigger the converter and the DSP-HIL. Fig. 12 shows the PWM
wave and the inverter output current (i,.) of the real converter and
HIL. We can notice the perfect correspondence between the
systems, just like in the boost converter.

The PWM and the DC current drained from the DC bus voltage
source are shown in Fig. 13. As in the previous results, the model
represents the real system with high fidelity and accuracy, proving
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Fig. 11 Zoom in the comparison between real boost converter and HIL
during duty-cycle transient

Table 2 Single phase inverter circuit parameters

Symbol Quantity
L 3.8 mH
R 1350
Ron 02Q
Vac oV
Ve 20V
fac 370 Hz
Srwm 2kHz
T 5us
s P [ I T O [ (B I
w WL TP LOUTOT

igc (Converter
?’M \ A A\ A

\4 \J’\WM

Ch1, DC coupling, 2.0E0 V/div, 5.0E-4/s/div, 2500 points, Sample mode:
€h2.DE coupling;-5:0E-1V/div. 5.:0E-4 s/div. 2500 points; Sampie mode
Ch3, DC coupling. 1.0E0 A/div, 5.0E-4 s/div, 2500 points, Sample mode

iqc (HIL)

Fig. 12 Comparison between real inverter and HIL in the real time
(output current, i,)

this technique to be a powerful tool for developing and testing RT
systems.

Table 3 presents the parameters of the three-phase inverter
stored in the DSP-HIL and used in the real converter. In this
experiment, we trigged the inverter with a f, = 60 Hz square
wave connected to RL load. Since we switch at a very low
frequency, the load was chosen to have a very large inductance
(130 mH) in order to filter the current.

The experimental results of the DSP-HIL versus the real three-
phase inverter are presented in Figs. 14 and 15. The perfect
concordance between the real converter and the HIL is clear, as all
the signals overlap.

We can notice that even the variables with fast transitions (v,
and iy.) are perfectly modelled in RT, (Fig. 15). Minor divergences
can be caused by inaccuracy in estimation or measuring the
components of the real setup.

6 Closed-loop HIL simulations

In order to show the capabilities of the proposed HIL in the design
and to test the power of converters and microgrids, a system made
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Fig. 13 Comparison between real inverter and HIL in the real time
(battery current, iy.)

Table 3 Three phase inverter circuit parameters

Symbol Quantity
L=L,=L, 130 mH
R,=R,=R. 1.5Q
Van = Von = Ven ov
Ve 50V
fsw 60 Hz
T 5pus
v
ig (Converter) iy (HIL)
-
Paiaea! preton A
D
P i ey [ e |
=3 Sl

"V an (HIL)
Vian (Converter)

Ch1, DC coupling, 5.0E-1 V/div, 5.0E-3 s/div,
Ch2, DC coupling, 1.0E0 V/div, 5.0E-3|s/div
€h3-DE-coupling; 5:0E-1-A/div. 5:0E-3 sidiv
Ch4, DC coupling, 5.0E1 V/div, 5.0E-3[s/div

Fig. 14 Comparison between the real inverter and HIL in the real time
(output current, i, and phase voltage, v4,)
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Ch2, DC coupling, 1.0E0 V/div, 2.5E-3s/div, 2500 points, Sample mode
€h3;DC coupling; 5:0E-1-Adiy, 2.5E-3 s/div, 2500 points; Sample mode
Ch4, DC coupling, 5.0E1 V/div, 2.5E-3s/div, 2500 points, Sample mode

Fig. 15 Comparison between the real inverter and HIL in the real time
(battery current, iy. and phase voltage, v,,,)

of a boost converter connected to a DC bus and a single-phase DC—
AC inverter is modelled, Fig. 16. Equations (28)—(35) presents the
discrete model and Table 4 presents the parameters loaded in the
digital HIL, where this model runs at T = 2.5 us. The controller is
designed in a SAM3X8E ARM processor, featuring a DC bus
voltage loop in cascade with a current controller. In this case the
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HIL model TMS283778
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Fig. 16 Power converter model with DC bus voltage control in cascade
closed loop. The inverter operates in an open-loop SPWM

Table 4 HIL model parameters

Symbol Quantity
Ly 10 mH
L 3 mH
RL 200
R 0.1Q
Viat 100 V
c 900 pF
fow 10 kHz
T 2.5pus

Te Parar

| 4 A L'

(@ ooV 2 ® ooy

@ Soomy_) [Z60ms (o kars (@7 )

100k pts.

Fig. 17 Power converter model (Fig. 16) with cascade voltage control
during transient (Vy. = 180V). iy (6 A/div), ig. (6 A/div), iy (3 A/div), V4.
(50 V/div)

boost converter is switching at f,, = 10kHz. The inverter operates
in open loop switched by a sinusoidal PWM (SPWM) signal.

dige(k) _ (Vae(k = D2D — 1) — Ryipe(k — 1))

dk L @%)
dii(k) _ (VBar = Vaetk = (1 = Dp) = Rye in(k = 1))

dk ~ L (29)

dVaek) _ (itk = D(A = Dp) — iaelk = 1)) (30)

dk C

Integrating (28)—(30) by the rectangular integration method
(Backward difference), we have

diye(k)

fac(k) = (k= 1) + ak T (€20
k)= (k—1)+ %Ts (32)
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Fig. 18 Power converter model (Fig. 16) with cascade voltage control
(Vi = 180V). Zoom during i, transient. i, (6 A/div), iz, (6 A/div), iy (3 A/
div) and V4. (50 V/div)
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Fig. 19 PSIM simulation for Fig. 16 circuit, showing perfect conformity
with the HIL results from Fig. 18

IR (6) < 0)then (i, 6) = 0; (33)
Valh) = Vall — 1)+ L8, (34)
i) = 2D - 1) (35)

The voltage reference is set Vg, = 180 V. In order to create power
transients, the amplitude of the SPWM reference is changed in
steps, from 40% of the maximum value to 80% of the maximum
value, creating gradual changes in i,. as well.

The transient behaviour of the HIL microgrid system driven by
the closed-loop control is shown in Figs. 17 and 18. We can see V.
stable at 180 V being adjusted by the DC current i as expected.

The closed-loop control computer simulation (PSIM®) of the
system from Fig. 16 is shown in Fig. 19. When comparing Figs. 18
and 19, we can observe clear conformity between the HIL model
and the computational simulation, showing the precision of the
proposed approach.

As the last example to show the power of this approach, a
microgrid made of two bidirectional DC-DC converters connected
to a DC bus and connected to grid is modelled as shown in Fig. 20.
The control structure for the inverter is made of a current
controller, where i,. is synchronised to the grid voltage V,. by
means of a classical PLL. The DC side is controlled by a DC bus
voltage controller in cascade with two current controllers, one for
cach battery. The constants K/ and K2 are used to choose how
much current each battery will deliver and were set as 1 and 0.7

IET Power Electron., 2019, Vol. 12 Iss. 14, pp. 3833-3841
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HIL model TMS28377S
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Fig. 20 Microgrid circuit implemented in the proposed HIL and designed
controllers

respectively. The parameters of the HIL model are shown is
Table 5.

Equations (36)—(46) show the discrete model implemented
inside the HIL representing the microgrid from Fig. 20.

In order to create power transients in the microgrid, the current
reference of the inverter (i) is changed in step from 10 to —10 A
and vice versa (i,s = 10 A to i,y = — 10 A represents a phase shift
of 180°). This power transient makes the batteries to change from
discharging to charging mode (positive to negative current) and can
be seen in Figs. 21 and 22. Since K/ =1 and K2=0.7 the batteries
share the DC current unevenly, making i, = 0.7i1,, as it can be
seen in Figs. 21 and 22.

(== Ty (36)
Vac(k) = Ve max 0827260 £(k)) 37)
dig,(k .
lI;UE ) = (VBay — Vaelk = DA = D)) — R, ir,(k — 1))%1 (38)
diLz(k)

28 = (Viao = Valk = (1 = D) = Rtk = D) (39)

diyc(k .
ldlg ) = (Vaelk = 1)2Dye — 1) — Rpipe(k — 1) — Vac(k))% (40)
dVg;{(k) = (ipitk = 1)(1 = D)) + ipo(k — D)(1 = D) — g

! 1)

(k- 1)k

Integrating (38)—(41) by the rectangular integration method
(Backward difference), we have

ine(k) = dpe(k — 1) + dizclik) T, (42)
in(k) = ip(k— 1)+ d’s‘]gk) T, (43)
ina(k) = ipa(k — 1) + diLdz]Ek) T, (44)
Vaek) = Vaelk = 1) + V‘:j;lik)n (45)

(k) = lne(K)(2Dyc — 1) (46)
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Table 5 HIL model parameters

Symbol Quantity
L L, 5mH
L 3mH
RiR\R, 0.1Q
Ruc 0.1Q
VBat1 VBaw2 100V
Vie 127VRms
fac 60 Hz
C 900 uF
f+w DC-DC 10 kHz
few DC-AC 6 kHz
T, 2.5ups
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Fig. 21 Microgrid HIL model (Fig. 20) during transient i,. = 10A to
e = — 10 A. iy (20 A/div), ipas (5 A/div), ipan (5 A/div), Ve (50 V/div)
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i, Phase shift
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Fig. 22 Microgrid HIL model (Fig. 20) during transient i, = — 10 A to
ige = 10 AL iye (20 A/div), ipan (5 A/div), ipan (5 A/div), V. (50 V/div)

The computational simulation (PSIM) of the microgrid from
Fig. 20 is shown in Fig. 23. Comparing Fig. 23 with Figs. 21 and
22 we can see perfect conformity for this very complex model in
closed loop, proving again the precision and power of this
approach.

The performance of the designed PLL synchronisation system
in the HIL model can be seen in Fig. 24. The produced current (i,.)
locks on the grid voltage (V,.) in feel cycles.

For the boost converter and single-phase inverter, the solving
time of the model was measured around 860 ns, Fig. 25. For the
three-phase inverter and for the microgrid systems the measured
solving time was 2.1, 2.0 and 2.3 ps, respectively, making the last
case (Fig. 20) the limit of the hardware when the time step is set
2.5 us (400 kHz). In order to model a more complex system with
the same hardware, the time step should be increased. However, in
this case the switching frequency of the virtual power converter
must be reduced as well, in order to keep the precision. The authors
recommend a time step at least 40 times smaller than the switching
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Fig. 23 PSIM simulation for the microgrid from Fig. 20. The precision of the HIL can be seen by comparing this result with Figs. 21 and 22
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Fig. 24 PLL synchronising the grid voltage (V,.) and PLL current reference (iy.) in the HIL model
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Fig. 25 Time step (Ty =5 us) and solving time the proposed HIL

period of the converter, ensuring good precision. Thus, for the most
complex case of this paper (Fig. 20), the recommended maximum
switching frequency for the converter is 10 kHz, since the time step
was set in 2.5 ps (400 kHz).

With the current DSP technology, one way to improve the
solving time is to use the newest dual-core DSP processor, such as
TMS28379D. In this case, independent equations can be solved
simultaneously in different cores, speeding up the processing time,
maybe cutting the solving time in half; in the best-case scenario.

7 Conclusion

In this study, we proposed to build a HIL system based on a cheap
DSP processor. Experimental results comparing the real case and
the designed HIL models show high accuracy and fidelity. We
showed that the proposed hardware can achieve time steps
T, > 900ns (depending on the complexity of the model), slower
than the FPGA approach present in the literature. However, it uses
high-level programing language and can still model with fidelity a
10 to 12 kHz switching converter. The proposed hardware cannot
replace the commercial hardware as Typhoon®, however it gives
researchers with small resources the chance to test their ideas with
small and cheap hardware. In practical terms, this approach is a
great solution for test and design of small microgrid topologies,
such as PV, battery and ultracapacitor connected by DC-DC
converters and DC-AC inverter. Finally, this paper opens up new
possibilities for researchers and students who lack the means to
afford a commercial HIL system, since this HIL setup provides a
less expensive, more comprehensive, fully repeatable, and faster
test and verification approach.
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