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Abstract: This paper presents an overview of contemporary voltage source inverter control system
design. Design begins with the theoretical considerations that lead to the creation of the system’s
differential control law. This stage does not include scaling coefficients for the output voltage, output
current, and filter inductor current. Following this, the inverter is modelled in MATLAB’s Simulink
environment with an appropriate load and control system. If the resultant simulation provides
satisfactory results, a hybrid system consisting of MATLAB’s Simulink and dSpace libraries with
the MicroLabBox device is used to interface the simulation with an experimental hardware model
in real-time. This allows the hardware plant and measuring traces to be validated. ControlDesk is
used to scale the relevant coefficients. During the final stage of the design process, a microprocessor
is programmed to control the inverter according to the dSpace simulation results. This requires new
scaling values. Throughout every stage of the design process, too high a value of the modulation
index disables the reduction of output voltage distortions. This paper details the entire design process
for both single-input and multi-input control systems, explaining the scaling process and the required
software. Such a modern design process ensures the shortest time between conceptualization and the
final product.

Keywords: voltage source inverter; coefficient diagram method; passivity based control; SISO control;
MISO control; real-time interface

1. Introduction

The design of a voltage source inverter (VSI) control system begins with a theoretical
description of the differential control law that governs the system. The control system
should then be verified via simulation (the standard approach is to use MATLAB's Simulink
environment) before finally being implemented on the microprocessor or FPGA system of
the experimental VSI. Continuous control laws require further discretization so better is to
use the discrete control laws at the beginning. Following validation of the experimental
V8], the final product can be realized. Ideally, this approach is fast and effective. However,
following theoretical calculations the output voltage, output current, and filter inductor
current scaling factors remain undetermined. These factors all affect the coefficients within
the control law. The scaling of voltages and currents in simulation is straightforward. The
reference voltage amplitude is defined as unity, and all voltage and current measurements
are divided by the input DC voltage. Contemporary design methodologies feature one
additional step. Via a MicroLabBox-RTI1202 real-time interface hardware, the dSpace
software (including libraries) can be used to drive the experimental VSI using the Simulink
model. Throughout all stages of the design process, too high a value of the modulation
index disables output voltage distortions from being reduced. The pulse-width modula-
tion (PWM) modulator can become saturated during dynamic increases of the load [1].
However, a modulation index that is too low decreases the efficiency of the VSI. To strike a
balance, the modulation index is set to 60% throughout this paper. The literature contains
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many examples of the use of dSpace with different real-time interfaces in power electronic
systems [2—4]. However, this paper demonstrates the entire process by which dSpace is
used with a real-time hardware interface during the design process of a VSI. When using
MicroLabBox the scaling process is similar to that of the final microprocessor controller,
because the voltage and currents are amplified within the experimental VSI device and the
hardware VSI plant is controlled. Furthermore, the reference sinusoidal waveform ampli-
tude that corresponds to a modulation index of 100% depends on the PWM modulation
scheme [5-7]. The reference waveform amplitude takes the value of unity for the Simulink
modulator, and 0.5 for the dSpace modulator used for the first modulation scheme in this
paper. When subject to microprocessor control, the amplitude depends on the quotient of
the PWM unit comparator input frequency and the switching frequency (in the presented
experiment it is 1640). The final step of the design process is the implementation of the
controller on the microprocessor. Other than when using Simulink, this requires further
scaling of the current versus voltage measurements. The scaling process requires dedicated
software: dSpace requires ControlDesk; microprocessor control requires dedicated PC
software that can support data exchange with the inverter via a USB port. An additional
problem is the evaluation of a Bode plot of the measurement traces [8,9]. This is typically
modelled within a frequency range lower than the resonant frequency of the output filter
as a simple delay, with one switching period for the amplifiers and one switching period
for the PWM modulator [10].

The objective of this paper is to provide a detailed account of the contemporary
design of VSI control systems. This process will be demonstrated using two examples.
The first example is a simple single input single output (SISO) control system that uses
the discretized coefficient diagram method (CDM) [10-16], requiring only a single input
variable: output voltage. The second example is a more complex multiple input single
output (MISO) control system using passivity-based control (PBC) [10-12,17-20], with
measurements of the output voltage, output current, and inductor current. Specifically,
this paper uses improved PBC v2 (IPBC2) [10]. Figure 1 presents the entire VSI controller
design process, from the theoretical description to the final product. This includes the use
of MATLAB’s Simulink environment, the combination of dSpace and ControlDesk via a
MicroLabBox-RTI1202 real-time interface, Keil uVision C++, dedicated PC software written
in C#, and the experimental model with a STM32F407VG microprocessor.

@ Theoretical background
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Figure 1. Flowchart of the modern VSI controller design process.
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The novelty of the paper is:

1.  Presentation of the full process of design—from a theoretical background, through the
simulation, using real time interface (RTI) and dSpace libraries up to the final stage of
the design process—programming the microprocessor that will control the VSI. Using
real time interface creates design much more flexible.

2. Definition of requirements of the design process final success:

(a) The control law should be realized in a similar way in all the stages of the
design process. It means that in the simulation the input controller data and
supply of the reference waveform was measured using a sample time equal
to the switching period. The PWM modulator should have the sample time
equal to the period of the waveform on the input of the microprocessor PWM
unit comparator (the much higher frequency than the switching frequency).

(b) The real time interface and the microprocessor should use the same software
architecture based on interrupts (trigger events in case of the RTI) from the
PWM modulator.

(c) The scaling procedure is crucial because wrong scaling changes the control
law coefficients. In none of the referred papers [2-4] concerning the RTI usage,
the scaling procedure of voltages and currents is presented. In [3] where the
RTI-MicroLabBox and dSpace software was used there is nothing about using
ControlDesk-the software that enables scaling.

Scaling the microprocessor controller requires data transfer from the PC and using
specialized software to visualize the measured values scaled in units of the analog-to-digital
converter used in the microprocessor. The scaling procedure depends on the ratio of the
PWM modulator comparator input frequency and the switching frequency. It is described
in detail in the presented paper.

This paper will be useful for engineers and researchers who design VSIs, by presenting
them the novel suite of design tools and techniques that are required, in addition to
instructions on their application. Using RTI (MicroLabBox with dSpace) makes the design
process more flexible and faster.

Sections 2-5 present the design process for SISO CDM control, and Sections 6-9 present
the design process for MISO PBC control. The control results are presented and compared
using the total harmonic distortion (THD) of the VSI output voltage for a nonlinear rectifier
RC load with power factor PF = 0.7.

2. Theoretical Background of SISO CDM Control Materials

Figure 2 shows a VSI with a SISO controller. The output current is treated as an inde-
pendent disturbance or the state variable, with the same result in both cases [11,16,20-24].

Independent 7,,,.,
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i - . o . quT
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Figure 2. SISO control of a VSI.
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One of the simplest control designs is Manabe’s CDM controller [13,14,16], which
uses T, S, and R polynomials. In its most basic form, the coefficients of the closed-loop
characteristic equation are calculated from Manabe standard form. These coefficients
provide the control for the time constant 7 of the closed-loop system. The output voltage
of a closed loop system with the output current treated as an independent disturbance is
given by (1):

T(s)N(s) ZourR(s)D(s)
R(s)D(s) + S(s)N(s) OREF(S) - R(s)I%L(Z) T S(5)N(s) Iour(s) 1

vour(s) =

where N(s) contains all the loop delays. The characteristic equation of a closed-loop system
is given by (2):

P(z') = Rz ")D ") +S(Ez")N@E) = Xn: pziz @
i=0

To calculate the controller parameters, a model of the inverter plant is required [6].
For this paper, the inverter plant was modelled as an output LrCr filter described by the
assigned state variables (3):

x = [vour irr iour), 3)

and the state Equation (4):
x = Ax+ Buy, 4)

where matrix A and B are given by (5):

1 1
ER P i
0 0 0 0

The state Equation (4) are solved during a single k-th switching period T, for double
edge three-level PWM, with a switching-on time period Tony. The solution of the state
space equations depends on the type of modulation—double edge, three-level modulation
was chosen as the most suitable for a four-transistor bridge. Some schemes of this type
of modulation are presented in [5-7]. This paper uses the first presented scheme, as this
is most appropriate for instantaneous control. An overview of the scheme is shown in
Figure 3. The advantages of this controller include the possibility of controlling output
voltage when crossing zero, and an output switching frequency double that of the transistor
switching frequency.

S, control _L_f_ Jn
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Figure 3. Overview of the first PWM modulation scheme.
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Each transistor within the two legs of the H-bridge is switched with frequency f;.
However, the final switching frequency of the output waveform is 2f;, due to the current
flowing through the pairs of switches connected in series: S; and S4 or S3 and S,. This
results in two output pulses during a single switching period. Within the modulation
scheme the control of the switches can be described analytically as (6)—(9):

27T

S1: Ton(k)/Ts = 0.5Msin(k AT ) +0.5M, (6)
S, : NOT(Sy), 7)

S3: Ton(k)/Ts = 0.5Msin((k f2/7; )+ 71) +0.5M, (8)
Sy NOT(Sg), 9)

where Toy is the switching on time during a single switching period Ts = 1/f;,and k=0 . ..
(fs/fm —1) and fs/fy is an integer.

Solving the state space equations provides the exponential function xi,1 of Tong,
which can then be linearized [6]. This gives the discrete linear state Equation (10):

Xkr1 = Apxe + GpTonk, (10)

where the state matrix Ap and the state matrix Gp are given by (11), (12):

P11 P12 P13
Ap = AT = @(T) = LI-A)")| L Ap = ®(T) = |0 ¢ ¢n|, (D)
5 P31 P2 P33
811
Gp = AT/2BVpe = ®(T./2)BVpe, Gp = | g1 |, (12)
831

with coefficients ¢;; (13) and g;1 (14):

C
¢r = %Rse\/flf, wry = 7%14,
¢11 = [cos(wpoTs) + G sin(wroTs)] exp(—GrwroTs),
$12 = Gac; sin(wroTs) exp(—ErwroTs),

P13 = —§012+RLF((P11_1)/ 13)
¢ = —%4’12,
¢ = [cos(wroTs) — Crsin(wroTs)] exp(—GrwroTs),
g =1—@u, ¢u1 = 0, ¢ =0, g3 = 1.
L = VDprosin(wpo%)eXP(_gFWFO%)'
821 = VL%C[Cos(wFo%)—CPSin(wFo%)]BXP(—ngFO%)f (14)

g = 0.

For a double edge PWM and a digital modulator implementing all the required loop
delays, the VSI gain is given by (15):

N(z™1) ayz 2 + a3z 3
K = = , 15
VSI D(Z_l) 1 i blZ_l + sz_z ( )

where (16):
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T Ts
M = —g11, 13 = —— (@181 — ¢2811), bt = — (11 +¢n), br = P1192 — P12¢21. (16)
Vbc Vbc

For a system that is subject to a disturbance, the degrees of R and S are greater than or
equal to n — 1, where 7 is the degree of D. The second degree of S and the second degree of
R are given by (17):

Szl = Ysiz', Rz = Yzl rn =1 (17)

The underlying objective of CDM control is to obtain the s; and r; coefficients are
thereby solve the Diophantine Equation (18):

(T4rz 2 2) (A bz oz ) + (so+ 5127 + 527 %) (a2 2 + a3z 0) =

5 ) , (18
1+ Y puz™! (18)
i=1
which can be written as (19):
1 0 0 0 071([n P11 — b
by 1 ao 0 0] |m P2 — b2
by by a3 ap O |so| = P3|, (19)
0 bz 0 as ap S1 pz4
0 0 0 0 asz]|s pz5

where the p,; coefficients are assigned from the Manabe standard form, and it was assumed
that rg = po = 1. The coefficients p; of the fifth degree of Manabe standard form for a
continuous system are given by

po(s°) = 1, p1(st) = poT, p2(s?) = 0.4p T2, p3(s>) = 0.08p 7>, pa(st) = 0.008poT*,
p5(s°) = 0.0004p,7°,

where 7 is the time constant of a closed-loop system. For f; = 25,600 Hz, satisfactory
experimental results were obtained with T = 5.5T;. Lower values of 7 lead to output voltage
oscillations; higher values of T lead to poorer control.

Via the zero-order hold method and a discretization cycle of Ts = 1/25,600 s, the
MATLAB c2d function was used to obtain a discrete-time transfer function (20):

K(z) = czd(%,:rs) =-=0 (20)

. 5 .
L pi(s)s' L pai(z )z

i=0 i

For t =5.5T; (Ts =1/25,600 s),

p20(Z°) =1, p1(zY) = —1.9655, p,o(z72) = 1.5925, p,3(z %) = —0.7017, pa(z %) = 0.1886,
p.5(z %) = —0.0263.

The accurate calculation of T(z!) = t; enables voyT = Vrgr to be maintained in the
steady state (21):

P(Z =1) _ Vpc 1+ pa+ P2+ P23+ Pza + Pis

— _ 21
7 Nz = 1) Ts P12821 + (1 — 922)g11 e
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The experimental model used the following parameters: Ly = 2 mH, Cr = 51 pF,
Rse =1 Q), and fs = 25,600 Hz. Using these values, and with T = 5.5T, the solutions of
Equation (19) are

ro =1, =—0.0299, r, = 0.3758, 5y = 28.0795, s; = —20.2981, s, = —3.6181,
to/ Vpc = 5.5090.

The coefficient t can be adjusted individually and is multiplied by the modulation
index M. This should always be less than unity to allow for the rapid increase of the voltage
in the input of the output filter. The difference control law for CDM control is given by (22):

ocrre(k) = —riocrre(k —1) — roocrre(k — 2) + tovREF—

, 22
SOUOLIT(k - 1) - SlvOUT(k —-2)— SZUOUT(k —-3) (22)

which contains no scaling coefficient. The scaling coefficients will be further incorporated
into Equation (22).

3. MATLAB’s Simulink Simulation of SISO CDM Control

As shown in Figure 4, the controller was modelled in the Simulink environment of
MATLAB R2021b. The Simulink model was tested with the calculated scaling coefficients.
The simulation results are shown in Figure 5. The scaling coefficient is simply 1/Vpc,
because the reference sinusoidal waveform sin(27t50t) has a unity amplitude. The PWM
modulator unit has an input range of £1. The output voltage measuring trace is modelled
as a single switching period delay [10], with the PWM modulator contributing an additional
delay of Ts. The most demanding test load is the nonlinear rectifier RC load (Figure 5¢,d
present it for R = 100 ), C = 430 puF, when PF = 0.7). This is defined by the EN 62040
standard [25] as the most common load for an uninterruptible power supply with an
output power of less than 3 kW. Figure 5a,b show a less demanding nonlinear load with
R =100 and C =100 pE.

I_LOAD

ol l ‘D I—dA +|—|_- RS
g = stﬁ I
Rectifier

rerimerrmereessmessmeesfernseeneeanenes, Slmplified model

r - of the measuring trace
LLITIITY L L Voltage
BT <Gwpi  scaling
—7 et coefficient
PWM modulator : ” :
the first PWM scheme : o : e
with the input : . Reference
range +1/-1 R waveform with
CDM controller unity amplitude

Figure 4. The MATLAB'’s Simulink model of the VSI with SISO-CDM control.
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The performance of the control is estimated by the THD of the output voltage (Figure 5),
with the operation of the VSI under CDM control (Figure 5b,d) being compared with its
open loop operation (Figure 5a,c). The CDM controller was tested using a relatively low
modulation index of M = 0.6 to prevent the saturation of the modulator that can occur for
higher values of M. The same value will be used throughout this paper.

¥our loyy Reetifier R =100 9, €= 100 pF,no kB - ¥ e T Rectifier R = 10092, € = 100 T, CDM
Vi - v
OLT - 0, _ .
THDTOUT 89.1% _ 150 - our
(50 Hz) = 28,16 deg 3;.. 100
cosd(50 Hz) = 0.88165 3 5
o =
PF=0.6583 = .
=
= 0, — 50 -
THD )\ = 4.507% N
B-10 THDp o= 0.9773%
i -150 -
| [ . 000 I
DN XL A IR TOLLFOAP DAY D RS LA RITOXID L DA
Time [ms] Time [ms)|
(a) (b)
LVOU" IO(:‘J" Rectifier £ = 100 &, =430 pE, no FB - Vur,‘r’ I(){;T' Rectifier & = 100 §2, € = 430 uF, CDM
Vour  THD Lour = 21.96% 150 -

(50 Hz) = 1.536 deg

< 100 -
IOUT cos(50 11z) = 0.99964 ; 50
PF=0.7358 = .
[ — 6750 ] S oo L
- THD, = 6.75% \/ 1 =3 \/
21 y = 0
30, THD .- = 1.572%
=150
o =200 ¢+ v 00 Coo
DAL S 55 6433 QDT DHHBLNFTADP INTYH XD LA STIRAJITHLL D
Time [ms] Time [ms]
() (d)

Figure 5. The simulated output voltage and current for the VSI when subject to a nonlinear rectifier
RC load, showing (a) open loop with R =100 (3, C = 100 uF, and PF = 0.7, (b) CDM control with
R =100 0, C =100 pF, and M = 0.6, (c) open loop with R =100 ), C = 430 pF, and PF = 0.7, and
(d) CDM control with R =100 Q), C =430 pF, and M = 0.6.

4. Interfacing MATLAB’s Simulink and dSpace Simulation of the SISO CDM
Controller with the Experimental Model

Following initial simulations in Simulink, the MicroLabBox RTI1202 real-time interface
was used to interface dSpace simulation blocks with the experimental model. To this end,
the dSpace RT11202 FPGA and dSpace RTI Electric Motor Control Blockset libraries were
used. The compiled simulation was automatically loaded onto the MicroLabBox FPGA to
provide high speed data conversion and computation with little time delay. The simulation
should be designed to imitate the microprocessor procedure as closely as possible. The
microprocessor control software used an infinite main loop (defined using while (1)), with
the “watchdog” and all functions are handled by PWM interrupts which fetch the analogue-
to-digital converter (ADC) values of the output voltage. In the dSpace simulation, the
interrupts are represented by Trigger line 1 events from an EMC Multichannel PWM block,
which are handled by an ADC Class 1 Hardware Interrupt block. This Hardware Interrupt
(HWINT) block is connected to the input port of the Function-Call Subsystem, which
contains all the components of the inverter control blocks, including the EMC Multichannel
PWM block and the ADC Class 1 block. The sample time of each of these blocks is inherited
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from the PWM block triggering event. In a similar manner to the microprocessor software,
the switching frequency is the input of the PWM block.

Once loaded with the control software, MicroLabBox can drive the experimental
inverter using four DIO Class 1 3.3 V digital outputs, operating on channels 1-4. Micro-
LabBox receives the measured output voltage via the ADC Class 1 channel 1, with a single
conversion (—10-+10 V input range) following the trigger event from the PWM block.
The PWM block is configured to drive a block of four transistors with inverting signals
for the low transistors. A 500 ns dead time is implemented for the experimental inverter.
For the case of inverted channels set as active, the block automatically reserves the same
number of channels for inverted signals as specified for non-inverted signals. The first
inverted channel is channel 3, corresponding to S in Figure 3. The second inverted channel
is channel 4, corresponding to S4 in Figure 3. The PWM block inputs take values in the
range 0-1. Hence, the input waveforms are sinusoidal with an amplitude of 0.5, shifted
mutually 180 degrees in phase and both raised 0.5 with zero level. The generation of the
two shifted strings for the PWM block inputs is presented in Figure 6. The measured output
voltage waveforms are visualized via ControlDesk, which is part of the dSpace software
package. The output voltage is scaled by using the Time Plotter feature of ControlDesk to
compare two waveforms. For an open loop system and a nominal resistance load of 50
(), the measured output voltage should be given by the reference waveform 0.5sin(27t50¢).
Once these waveforms have been equalized, by changing the gain of the output voltage,
the output voltage gain value is set as a scaling coefficient. The measuring trace can reverse
the sign of the signal (in the experimental model), so the sign must be set correctly. With a
modulation index of M = 0.6, it was found an output voltage scaling coefficient of —2.

Output voltage, load current and
inductor current on oscilloscope Measured output voltage

on Control Desk

Figure 6. Cont.
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Figure 6. The real-time interface of the dSpace simulation blocks and the experimental inverter using
MicroLabBox RTI11202.

Figure 7 shows the results of CDM control via the MicroLabBox, versus open loop
control of the same system. Both approaches use a nonlinear rectifier RC load with100 uF
or 430 pF, 100 ), and PF ~ 0.7. The results show a change in the shape of the load current,

with the current loading forced to the load capacitor. A lower filter inductor value Lr would
produce a smaller THD coefficient.

Vour Loor Rectifier R =100 £, C =100 pF no FB VOUT’ IOUT' Rectifier R = 100 Q, C = 100 pF, CDM
o o THD, | =80.47% 40 Vour
Z 30k 10Ut _ z\ 10
e o (50 Hz)} = 26.07 deg - "
= 10 cosd(50 117) = 0.89826 = :U
- —
= PF=0.6998 S
- 0 - 0
= -0 210
§—2(1 5-20
w30 S
=40 —40
R A I I RO R R R RCRCRUI U RCIP INAL XS A2 JdJIITEEJHIH
Time [ms] Time [ms]
(a) (b)

Figure 7. Cont.
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Time [ms] Time [ms]
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Figure 7. The measured output voltage and current of the experimental VSI using MicroLabBox real
time interface when subject to a nonlinear rectifier RC load, showing (a) open loop with R =100 O,
C =100 uF, and PF = 0.7, (b) CDM control with R = 100 (2, C = 100 puF, and M = 0.6, (c) open loop with
R =100 Q), C =430 uF, and PF = 0.7, and (d) CDM control with R =100 ), C =430 puF, and M = 0.6.

5. Implementation of the CDM Controller in the VSI Microprocessor

The final step of the design process was to implement the validated controller on the
STM32F407VG microprocessor. The microprocessor code was written in Keil pVision 5
C++. As described in Section 4, the main function of the code consists of an infinite loop,
with functions called by an event handler that waits for PWM unit interrupts. Hence, the
control process is identical to that provided by MicroLabBox. However, the two approaches
differ in terms of the scaling of the output voltage measuring trace. The dedicated PC
application that handles data transmission, data visualization, and communication with the
microprocessor-controlled inverter via USB port was written in C#. The purpose of this ap-
plication is analogous to the role played by the ControlDesk software for the MicroLabBox
controlled system. However, in the older solutions, it was possible to use the digital-to-
analogue converter implemented in the microprocessor to visualize on the oscilloscope
the internal waveforms from the microprocessor without the dedicated PC software. The
reference voltage takes the form 0.5fcoppmax /fssin(2m50t), where fcompmayx is the maximum
frequency on the input of the PWM unit comparator and f; is the switching frequency.
Hence, the peak-to-peak amplitude of the reference voltage is given by fcoppmax /fs. For the
experimental inverter, fcoppmax/fs = 84 MHz/25,600 Hz =~ 3281. Therefore, the maximum
amplitude of the reference waveform was 1640. The 13-bit (12 bits plus the sign) ADC
controller allowed measurement in the range —4095-4095. Using the visualization provided
by the PC application, the hardware gain of the voltage measurement trace was adjusted to
a nominal output voltage amplitude of 3000 units—Greater than the reference amplitude of
1640 units. This provided more accurate measurement across the entire ADC range. Finally,
the voltage gain scaling coefficient g, should be 1640/3000. Again, a modulation index of
M = 0.6 was used. Figure 8 shows the output current and voltage and inductor current
waveforms when using microprocessor control, in addition to an image of the experimental
setup.
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Figure 8. Waveforms of the output voltage, output current, inductor current and measurement of the
output voltage THD for CDM and (a) a nonlinear rectifier RC load with R =100 €}, C = 100 pF, and
M = 0.6, and (b) a nonlinear rectifier RC load with R =100 ), C = 430 uF, and M = 0.6, in addition to
(c) an image of the experimental environment showing the VSI and the microprocessor controller.

6. Theoretical Background of MISO PCB Control

Without direct measurement of the output current (an independent disturbance), SISO
control is unable to precisely control the output voltage in the case of large, rapid changes
in the output current for a standard [25] nonlinear rectifier RC load. This functionality
is provided by MISO PCB control. For IPBC2, the output voltage, output current, and
inductor current are input variables of the controller.

Figure 9 models the control of a VSI by MISO. It was shown in [10] that each of the
experimental model’s measurement traces can be approximately modelled as a single
switching period delay. For the described system, this delay had a value of 39 ps. The
additional delay is implemented by the PWM modulator, with the data stored in its registers
during the kth period controlling the width of the pulses during the k+1th period. Two
different MISO PBC controllers were tested: one that did not account for the double
switching period delay, and one that made a simplified prediction of the state variables
in subsequent periods using the discrete model of a VSI [12]. There was no noticeable
difference between the two controllers in terms of the quality of the VSI output voltage at a
relatively high switching frequency of f; = 25,600 Hz, and with Cr = 50 pF. The simplified
approach is sufficient for the presentation of the VSI control design methodology. The



Sensors 2022, 22,7211 13 of 22

load current ipyt is treated as the independent disturbance and is modelled as the current
source.

Inverter bridge
PWM( f, =50Hz, 1)

. L iy Lour
l_l_l _|:“|_/VWF'\ fa) Q

V,@ —*I — f|vm v>

| 'iOUT
o |K(s)= E |

— ) exp(=sT)
Modulator H——— VI Jour |[K(s)= |,
3 level, 2 edge Controller ) exp(sT) )
K, Pw.u(s) : /I OUT K(‘&) =
exp(—sT) € exp(—sT)

vREF ( )

Figure 9. MISO control of a VSL.

The central principle of PBC is that the system is stable if it is passive. The system
is passive if the energy supplied to it exceeds the stored energy. Energy is stored within
two non-dissipative components—The filter coil and the filter capacitor. The energy stored
within a system is described by the Hamiltonian function H(x) (also known as the Lyapunov
function [18]). The Hamiltonian function of the error vector e is (23):

1 . . 1 7
H(e) = E(LPOLF—-anf)Z*‘CPGKMH“—UOUwaf) = EeTP le, (23)
where ( )
Lr(iLF — iLFref } 1 [1/Lp 0 ]
e = , P = . 24
{CP(UOUTUOUTnf) 0 1/Cr (24)

The equilibrium of a closed-loop system is asymptotically stable [19] if H(e) has a
minimum at X = Xpef (25):

o0H(e)
ox

02H(e)
ox2

=0, > 0, where x = [LFiLF CFUOUT]T. (25)

X = Xef X = Xref

The system is passive if the time derivative of H(e) is negative (26):

dH(e)
dt

<0. (26)
The control law of IPBC2 for single-phase inverters is based on the control law for
interconnection and damping assignment PBC (IDAPBC) [17,19,20]. The equation for a

closed loop PBC system is given by (27):
e = [J- (R+R,)|P le. 27)

The equation for an open loop system is given by (28):

X = U — R]Pflx + [Vgc] m+ |:01:| iOUT' (28)
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The IPBC2 control law is given by the difference between the closed loop and open
loop Equation (29):

e—x = [J-RP'(e—x)—R,P le— [Vgc} m— [_01] iour- (29)

The interconnection matrix J, the damping matrix R, and the PBC controller matrix R,,
are defined as (30):

[0 -1 _ |Repe O _[R; O
J - |:1 O :|/ R - |: O 0 7 Ra - 0 Kz} 7 (30)
where R; is the current error gain, Ky is the voltage error conductive gain, and Ry, is the

serial equivalent resistance of the inverter.
The final form of the IPBC2 control law is then given by (31) and (32):

octrRL(t) = Lrdipfrer/dt + (Rire + Ri)iLFref + Ooutres — RiiLF, (31)

irrref = Crdvoutref/dt — Ko(vout — voutref) + iour- (32)

Now consider a difference control law for a single-phase VSI with a PBC that is easy
to implement using microprocessor control (33) and (34):

. . irFref (k) — iLFref(k — 1)
vctrL(k) = —RiiLp(k) + (Ri + Rire)iLFres (k) + LF i T e +voutref (k).
Cc

(33)
. 4 re (k)_v re (k_l) .
itrref(k) = Ko[voutrer (k) — vour (k)] + Cr OUTref TOUT / +iour(k). (34)
c

This difference control law (Equations (33) and (34)) is used throughout the devel-
opment of the MISO PCB controller, including MATLAB’s Simulink simulations, the
MicroLabBox interfaced dSpace simulations, and the microprocessor control of the VSI.

The values Rir, + R; and K, should be positive. This allows the closed loop IPBC
system [10,11] to have roots A » with negative real components (35):

Mp =
{ ~[(Rpre+R;)Cr+LrKy) £/ [(Rppo+R;)Cr+LeKo P —4Lp Cr[1+(Rpre+R;) Ko } (35)
2LrCr

The real components of these roots are always negative for positive values Ryr, + R;
and Kj. As such, this condition does not provide any upper bounds for current and voltage
gains. The higher the gains, the greater the convergence of the error tracking. However,
excessively high IPBC2 gain values can cause oscillations of the VSI output voltage. Such
oscillations occur when the control voltage increases more quickly than the width of the
PWM pulses can change. This creates a saturation-like effect within the control loop. The
higher the switching frequency, the higher the speed of the PWM modulator, and hence the
maximum acceptable gains [11]. The fastest change in modulation during a single switching
period T is Vpc (Vpc/Ts). At all times, the delay of the modulator is omitted. During a
single sampling period, the approximation d(vouryf)/dt =~ 0 can be made. Therefore, from
Equation (34) it was obtained (36), (37) and (39):

irpref (KTs) = Ko[voutres (kTs) — vour (kTs)] + iour (kTs), (36)
. 1
iLFref (KTs) ~ (m — Ko)vour (kTs) + voutrer (kTs), 37)
diprrer(KTs) 1 dvour (kTs)

dt - Rroap ~ ko) dt ’ (38)
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Correspondingly, from Equation (33) it obtained (39) and (40):

docrrr (kTs) . @ivprer(KTs) dip Fref(KTs) RdiLF(kTs)

T, ~ Lr T + (RLFe + Ri)T —Ri—— (39)
d (kTo) d?vour (kTs)
L Lr( RLOADd_ Kz(jlzT )”Ogtg di 7(LkT ) (40)
s 1 s
(Repe + R; )(RLOAD —Ko) Uouth — R Lth

During a single switching cycle, for Ry poap >> 1/(27f;Cr), the following approxima-
tions (41), (42) can be made:

dipp(kTs) ~ 4+ Vpc
dt max,min F’ (41)
dvour (kTs) s iLe  d*vour (kTs) ~ i(ﬂ ~ 4 Vbc
dt max Cr’ dt? max dt A Cr /| max LeCr
docrrr (kTs) Vbc Vbc
e L ~ Ky[L R+ Rype)T. R,—— 42
r . o[LF + (R; + Rppe) S]LCF+ Ir (42)
From Equation (43) it was obtained the upper boundary conditions on the gains R;
and K; (43):
T, 1 1
Kv[1+(Ri+RLFe)7]7+Ri7 <fs- (43)
Lp Cr Lr

Equation (43) demonstrates the influence of switching frequency fs = 1/Ts on the
maximum values of the gains R; and K,. Figure 10 demonstrates the mutual relationship
between the two gain values. In accordance with Figure 10b, throughout this paper safe
gain values of R; =15 Q) and K, = 0.3 1/Q) are used.

A0V p VA, f (1] max(K (R)) [142])

Verrt' pe 1.25 ——
100,000 I \ Oscillati
80,000 ~ = scillations
Z & = (.75
60,0002 Oscillations =
40,000 - 4
- s 05 1
20,000 \ —_
) ~1]
Operating area, ¢ 025 Operating area
= 2 T 4 -
1 02! e = .
R [Q] I\’r_ [1/€2] — ] & b
i
(a) (b)

Figure 10. The relationship between maximum voltage gain K, and current gain R; for the assigned
VSI parameters fs = 25,600 Hz, Lr = 2 mH, Cr = 51 uF, and Rp, = 1 Qin (a) 3-D and (b) 2-D.

7. MATLAB’s Simulink Simulation of MISO PBC Control

Figure 11 presents the Simulink simulation model. The THD is very low, with the
MISO-PBC controller (33), and (34) perfectly damping disturbances in the output voltage.
The modulation coefficient is less than unity to allow the control voltage to increase. The
results of the simulation are ideal; the quantity of THD present is almost negligible. This
is a result of using the currents as controller inputs. The scaling coefficient for each of the
output voltage, output current, and inductor current is simply 1/Vpc. The modulation
index is M = 0.6.
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Figure 11. Overview of PBC control, showing (a) the MATLAB’s Simulink simulation model of the
IPBC2 controller and the simulation model of the inverter with the nonlinear rectifier RC load, (b) the
simulated output voltage and current with R =100 ), C = 100 pF, and M = 0.6, and (c) the simulated
output voltage and current with R = 100 (), C = 430 puF, and M = 0.6.

8. Interfacing MATLAB’s Simulink and dSpace Simulation of the MISO PBC
Controller with the Experimental Model

Figure 12a shows the combined Simulink and dSpace models. Shown in Figure 12c,
three independent ADCs are used for the output voltage, the output current, and the
inductor current. Each ADC is triggered by PWM events. The gain values of R; = 15 Q)
and K, = 0.3 1/Q) are the same as the Simulink model (Figure 11). The modulation index
is M = 0.6. However, new scaling of the three measured signals is required. For open
loop control with a load of nominal resistance 50 (2 and minimum output capacitance of
Cr =1 pF, which ensures that currents Ioy7 and I r are approximately equal at the 50 Hz
harmonic, the voltage and current traces should have sufficient amplification that they are
equal to the reference voltage. The amplification includes the gain of the experimental
model measuring traces. The reference voltage is given by 0.5sin(27t50¢), as shown in
Figure 12b. Note that although the figure shows an amplitude of 0.45, the maximum
amplitude is 0.5. Finally, the current values are divided by the value of Ryopm: 50 Q2 in
the presented case. Experimental model measurements [10] show that the delay of the
measuring traces and the PWM modulator at f; = 25,600 Hz can be omitted when designing
the controller. ControlDesk software (Figure 12b) was used to tune the scaling coefficients
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of the measuring traces. The final gain values were —2 for output voltage, 2.65/50 for
output current, and 2.60/50 for inductor current.

PWM trigger event

function()

e |

ASPACE |

(a)
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Figure 12. The MicroLabBox real-time interface between the dSpace simulation and the experimental
VSI, showing (a) the combined Simulink and dSpace simulation model for MicroLabBox (RT11202)
operation, (b) scaling of the measuring traces using ControlDesk, and (c) an image of the experimental
setup showing the three ADCs, the PWM driver, and ControlDesk running on a laptop.



Sensors 2022, 22,7211

18 of 22

Figure 13 shows the distortions in the output voltage of the VSI when controlled by
MicroLabBox. Unlike for SISO-CDM control (Figure 7), the current waveforms are shaped
accurately. This is due to MISO control of the output and inductor currents.

VOL-'“I' IOUT reclifier R = 100 Q, C =100 pF, PBC VOU‘T IOL-"T rectifier R = 100 Q, C =430 pL, PBC
L Lt . . . . , ‘ ‘ ‘ — —— ——— ‘
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Figure 13. The PBC-controlled VSI output voltage and current as measured in-system using Micro-
LabBox for a nonlinear rectifier RC load with (a) R =100 O3, C =100 uF, and M = 0.6, and (b) R =100 QQ,
C =430 uF, and M = 0.6.

9. Implementation of the MISO PBC Controller in the VSI Microprocessor

The STM32F407VG microprocessor was chosen due to its fast clock speed of 168 MHz,
in addjition to its 84 MHz maximum PWM comparator input frequency. The microprocessor
is capable of floating point hardware operation and has three independent ADCs that
can be simultaneously used to measure the output voltage, output current, and inductor
current. The amplitude of the reference voltage is 0.5fcompmax/fs = 0.5 x 84 MHz/25600 ~
1640. The ADCs obtain measurements in the range —4095-4095. During scaling the system
should function under open loop control, with a small output capacitance of Cr =1 pF and
a nominal resistive load of 50 (2. When using the dedicated PC application to transmit data
from the VSI the output voltage is hardware adjusted to 3000 units. Hence, the voltage
scaling coefficient is 1640/3000 = 0.547. The current values vary, and as such, they are
tuned to a lower value of 2000, from within the —4095-4095 range. With a resistive load of
50 (), the current scaling coefficient is (1640/2000)/50 = 0.0164. The modulation index is
M = 0.6. Figure 14 shows the scaling of voltage measurements, in addition to the measured
output voltage and current of the VSI. Control of the current substantially affects the shape
of the current waveforms, and reduces distortion of the output voltage.
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Figure 14. Cont.



Sensors 2022, 22,7211 19 of 22

V()L/T our

1) rectifier R =100 Q, C= 100 pF, PBC

V()L:‘T I()UT’ rectifier R = 100 2, C=430 uF, PBC

T 7 e
40 Vm.-r S OUF N N Y
T 7 -
. - N Nl NG
= 30 fl Y ST S W
R ,4 i
w20 [
x [\ L, N S ——
310 I Lo
. / \ out
= 0 X
- THD =2.592%
5 -l vour— 2:392%
=20
S an
n30
—40
DAY NS XD A R{OVOTOELF2AAD S N7 XH b A VOO0 LED TP

Time [ms] Time [ms]

(b) (c)

Figure 14. Overview of the VSI as controlled by IPBC2 via the STM32F407VG microprocessor,
showing (a) scaling of the output voltage measurement, (b) measured output voltage and current
with R =100 Q2, C =100 pF, and M = 0.6, and (c) measured output voltage and current with R = 100 (3,
C =430 uF, and M = 0.6.

10. Results

The hardware model presented above used the MATLAB'’s Simulink 2021b and dSpace
Release 2021b along with ControlDesk v.7.5 for MicroLabBox real-time interface 1202, or
Keil pVision 5 for STM32F407VG microprocessor control, and a dedicated PC application
for USB data exchange that was developed in-house using Microsoft Visual Studio C++
2019. This hardware model, together with a MicroLabBox RTI1202 real-time interface,
were used in the design process of two different VSI controllers: one SISO control system
and one MISO control system. The results of using these controllers were evaluated by
measuring the THD of the output voltage of the simulated or experimental VSI, when
subject to a standard (EN62040) nonlinear rectifier RC load with R =100 3, C = 100 uF,
or C =430 pF, and PF = 0.7. The modulation index was reduced to M = 0.6 to prevent
the modulator from being saturated by rapid increases in the load current. The control
procedures of both the real-time interface and the microprocessor were called by PWM
block interrupts. For both control systems, the fully simulated system provided better
results (lower THD) than the systems that utilized the experimental VSI. One reason for this
could be an inaccurate discrete model of the inverter plant within the control design. The
CDM control was based upon this model, with linearized functions of the output voltage,
output current, inductor current, and duty ratio. Another possible reason could be the
approximation of the measuring traces using only the delay values.

Despite lower performance than the simulated system, the results of the experimental
system were satisfactory, and exceeded the requirements of EN 62040-3. Measuring both
the output and inductor current allows the MISO controller to accurately shape the output
current waveform. This study demonstrates the importance of the precise scaling of
voltages and currents. The scaling values differed across each stage of the design procedure
and required different procedures at each stage to tune them accurately. This included
the use of dedicated software when working with the experimental model controlled by a
microprocessor. The relatively low modulation index is important to avoid saturation and
enable a faster increase of the inductor current in case of a rapid increase in the load current
increase. To this end, the product of the modulation index and the filter inductor inductance
should be limited. Table 1 summarizes the findings for each system. The results of the
MicroLabBox and microprocessor control procedures are very similar, with a difference in
THD of less than 1%.
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Table 1. Summary of the degree of THD for the Simulink model, real-time MicroLabBox control, and
STM32F407VG microprocessor control.

Control Type;

Nonlinear Rectifier Load . . MlcroLa.bBox Microprocessor and
Simulation and Experimental .
RC Parameters Model Experimental Model
Modulation Index M
Open loop, R =100 O, o o .
C =100 uF 4.51% 4.35%
Open loop, R =100 O, o o
C =430 uF 6.75% 6.96% -
CDM, R =100 Q), C =100 uF, o o o
M=06 0.98% 2.01% 2.65%
CDM, R =100 O3, C =430 pF, o o o
M=06 1.57% 3.44% 3.21%
PBC, R =100 Q), C =100 pF, o o o
M=06 0.37% 1.84% 2.63%
PBC, R =100 Q), C =430 uF, o o o
M=06 0.34% 1.99% 2.59%

11. Conclusions

This paper detailed the four stages of VSI control system design (Figure 1): devel-
opment of the theoretical background, modelling, and simulation of the system using
MATLAB’s Simulink, control of the experimental VSI using dSpace via a MicroLabBox
real-time interface, and implementation of the control system on a STM32F407VG micro-
processor for direct control of the experimental VSI. Two control systems were used to
demonstrate this process: SISO CDM and MISO PBC. The motivation behind the described
design process is the assumption that the differential control laws are consistent throughout
each stage of development. Control of the MicroLabBox and the microprocessor is based
on PWM block interrupts, with the control procedures called once during each switching
period. This approach is feasible as the differential control law obtained from the theory
is the same for both simulation and hardware implementation. The primary differences
between each stage of the design process are the values of the voltage and current scaling
coefficients. These values should be precisely tuned for each stage as the coefficients of
the control law would be changed by wrongly scaling. ControlDesk was used to tune
the MicroLabBox scaling. Scaling of the microprocessor-based system required dedicated
software that enabled data transfer from the hardware. This data transfer to PCB was
achieved via USB, with the dedicated software working as a digital oscilloscope scaled
in the microprocessor ADC units (Figure 14a). The value of the modulation index is very
important during each stage of the design process; an excessively large value can cause
saturation of the modulator in the case of rapid increases in load current. Lower values
of the product of the modulation index and the filter inductor inductance provide faster
changes in the inductor current.
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