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Abstract: This paper describes a mathematical model of the AC/DC converter. The analytic
expressions define fundamental physical variables of the converter and their relations:
phase current and voltage, shift angle between these quantities, power factor, and supply
voltage Up. The mains voltage is defined as a digitalized sine wave while the current’s wave
takes the form of a line segment defined in an appropriate time interval. The model permits
the description of two modes of operation: inverter and rectifier. The assumed control
method of the converter depends on the successive switching of selected vectors. They are
qualified according to the principle of the lowest error between the reference and measured
phase current value. The control method is realized by using hysteresis algorithms. Five
different algorithm solutions and comparative results are implemented. Several examples
of current, voltage, and vectors taken during the simulation and experimental works
are executed.

Keywords: current control; voltage source inverter; mains inverter; mathematical model;
hysteresis algorithm

1. Introduction

Power consumption in many countries seems to overtake the power generation capa-
bilities. To bypass this challenge many individual households or even entire communities
are going to recover and utilize independence and renewable energy sources. The most
ever-present alternative energy sources are from wind- and solar-generated power. From
the consumer’s point of view, the biggest challenge to taking advantage of these resources
was usually with the installation of the off-grid system, but nowadays the on-grid applica-
tions are going to progress for two main reasons. The first one is related to a great lack of
energy storage installations and the second one results from the fact that on-grid systems
make it possible to transfer the potential surplus of electrical energy to the grid as well as
to refill its lack.

Power electronics plays a crucial role in the control and regulation of the power flow
from renewable and alternative energy sources to the consumers. Various static converter
topologies have been suggested for photovoltaic systems over time. The topologies in
photovoltaic applications such as voltage source inverters (VSIs) and DC-DC converters
are still developed and reviewed [1,2]. Interesting and promising solutions of micro-VSIs
and single-phase, single-stage converters connected directly to the grid are presented in
numerous papers [3-7]. This assortment of isolated and non-isolated simple converters
such as micro-inverters, buck or boost converters, and more complex ones are constructed
with newer technologies and designed to efficiently execute required operations.
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Another field of converters” application concerns electric vehicles or even electric
tugboats where VSIs and CSls are generally applied as indispensable interfaces between
the electric energy DC source, e.g., battery and the electric machine [8,9]. Furthermore, the
converters with configurable DC sources are especially suitable for cooperating with PV
systems. An example of such a cascaded converter generating multilevel AC voltage is
presented in [10]. Its original control method is very suitable to use with few galvanically
separated DC sources.

Most studies on the stability of power generation ignore the dynamics of PV arrays.
Nevertheless, large-scale PV and wind turbine assemblies connected to power systems may
cause stability problems. There are a lot of contributions dealing with this problem [11-13].
Large-scale PV penetration under off-grid operation may cause unstable processes in a
distribution network. Another condition occurs if numerous inverters are simultaneously
connected parallel to the grid because they are coupled through the grid internal impedance.
Several parallel inverters of a PV system significantly affect the distribution line; therefore,
the stability of the inverters should be enhanced. The stability of the inverter’s performance
depends on the parameters of the filters built from reactance element capacitors and
inductors. Such components may cause oscillations in the system. Additionally, the
different parameters of successive converters, such as power, supply voltage, and control
method, may lower the system immunity. Several works of the team Fu Q., Du W., and
Wang H.F. are dealing with this issue [14-16].

There are also important works discussing the problem of modeling and control of
converters for PV applications. In [17] the modelling of the SiC 10 kV modules converter
is presented, and in [18] dynamic problems of the flyback converter applied in the PV
environment are considered. An original single-phase grid-tied quasi-Z-source inverter
and a model based on its current control are studied in [19]. Research works on current-
controlled voltage source inverters have explored various control strategies to enhance their
performance in applications like AC drives, microgrids, and renewable energy systems.
In the very beginning, the method of current control was largely widespread and applied
in many controllers. In particular, hysteresis and predictive control algorithms were
documented in numerous works. An excellent and one of the first examples of the modified
hysteresis current controller was presented during the sixth PEMC Conference [20]. Further
studies concerned predictive hysteresis control algorithms and the adaptive tolerance band
PWM method [21,22]. These cited papers represent a wide range of approaches to the
current control of VSIs (voltage source inverters).

Recently, the current control of VSIs has been frequently employed thanks to its good
properties and usefulness in PV application areas as well as in active filters. An interesting
proposition of a single-phase current source inverter working as an interface between the
grid and PV installation is presented in [23]. Furthermore, current controllers besides the
PV application area are also suitable in active power filters [24,25].

Recent technological advances have renewed research interest in current-source in-
verters (CSIs). However, CSI research still lags behind its voltage counterparts in terms of
topology, modulation, and control. Converter topologies can be broadly divided into two
groups: namely, voltage-source inverters (VSIs) and current-source inverters (CSIs) [26,27].
Traditionally, higher efficiency and design simplicity have tipped the research balance in
favor of voltage-source inverters and made CSIs lag behind in terms of topology, control
methods, modulation strategies, and modeling [28]. The wide adoption of VSIs by the in-
dustry has in turn affected the semiconductor market, resulting in enhanced-mode devices
that lack reverse blocking (RB) capabilities. This has further consolidated the role of VSIs in
the power conversion area and limited the applications of CSIs to high-power conversion
and low switching frequency [29-31]. With the above in mind, the paper [32] presents a
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novel single-phase five-level CSI topology. The proposed circuit uses eight switches and
two inductors to generate five distinct output levels while maintaining low THD of the
output voltage and dv/dt.

It is easy to implement conventional current control using a proportional-integral (PI)
controller. However, the system stability and dynamic performance are then not ideal,
especially when operating under adverse conditions. The paper [33] proposes an improved
control method by introducing a compensation unit. The compensation unit can effectively
compensate the phase of the system around the division frequency, greatly increasing the
phase margin and stability of the system. The article [33] first explained the concept of
the proposed compensation unit. Then the corresponding mathematical model for the
current control loop was built and the Bode diagrams of the system for the conventional
and proposed methods were compared.

Unlike the voltage source inverter (VSI), the current source inverter (CSI) can increase
the voltage and eliminate the additional passive filter and dead time. However, the DC coil
current is not the actual current source and is generated by the DC voltage supply and the
coil. In different switching states, the DC coil will be charged or discharged, which leads to
the DC coil current being discontinuous or increasing. To solve the problem of controlling
the DC coil current of CSI, a new single-phase CSI topology was proposed in [34].

This paper presents a mathematical model of the converter operating as a current
controlled voltage source inverter (VSI). All fundamental physical variables of the VSI
and their mutual relations, phase current and voltage, shift angle between them, power
factor and supply voltage Up, are defined and expressed in simplified formulas. The model
permits the description of two modes of electrical energy conversion: DC/AC and AC/DC.
The control technique of the converter is created by use of hysteresis algorithms. Five dif-
ferent solutions and comparative results of the algorithms are implemented. The predictive
hysteresis algorithm was selected and applied to perform simulation and experimental
works. A number of examples of current and voltage wave forms as well as controlling
vectors taken during the simulation and experimental works are executed.

2. Mains Converter
2.1. Model of Mains Converter

The analytical and simulation tests of the selected hysteresis algorithm used for
controlling the mains converter have been carried out based on the mains converter model
shown in Figure 1. Compared to the standard model of a DC/AC inverter, it differs in
the structure of the intermediate circuit, in which the ideal supply voltage source Up is
replaced by capacitance C and the current generator G is the source of current I with the
value and direction determined by the converter load. The internal conductivity of the
generator is assumed to be equal to zero. The intermediate circuit voltage Up is equal to
the voltage Uc on the condenser. The switching states in individual phase branches of the
converter are changed by three ideal keys K;, Kj, and K..

On the supply network side, there are three phase chokes with inductances
L, Ly, and L. and resistances R,;, Ry, and R.. The voltages ¢e,, ¢, and e, are the phase volt-
ages of the network, while the voltages u,,, up,, and u, stand for the interphase voltages.
Then, the voltages uy, upr, and ug and gy, Uper, and uqqy are, respectively, the phase
and interphase voltages at output terminals of the converter. The symbols Iy,, Iy, and Iy,
represent the values of phase currents at a selected time ¢,,. The directions of the currents
and voltages shown in the figure are considered positive. The indexes a, b, and c refer to
phases A, B, and C, respectively, while the index k is the number of the activated vector.
For the switching status shown in Figure 1, the index k is equal to 4 in the decimal number
system or to 100 in the binary number system. In accordance with the adopted model, the
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index k can take 8 values, 0, 1, 2, 3, 4, 5, 6, and 7, in the decimal number system, which
correspond to subsequent switching states of the converter, referred to as vectors and
marked V.

i
oD

I 1c

Figure 1. Model of PWM mains converter.

In the adopted model of the converter, the equation for phase a has the form (1).

di ,
La-d—:—l—Rﬂ-za—l—ea—uak:O (1)
Then, the equation describing the model of an ideal converter can be written as a

matrix equation in the form corresponding to the notation of phase Equations (2) and (3).

dl
Z;-—+RI+E=0 2)
dt
di .
Lu‘Tf+Ra'la+ea—”ak:0 3)

The matrix I in Equation (3) is the transposed matrix of phase currents (4).
1= [ia, iy, ic]" @)

71 is the inductance matrix (5).

Zp = ()

o O~
o -~ o
~ O O
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R is the resistance matrix (6),

R 0 O
R=10 R 0 (6)
0 0 R
and E is the transposed voltage matrix (7).
E = [eq — thg, € — Upk, € — k] @)

The interphase voltages u, and up and phase voltages 1y, up,, and uy of the
converter are calculated from voltage Up = Uc and take the values shown in Tables 1 and 2.

Table 1. Interphase voltages 1, and uy for individual vectors V.

Vi Vo \£1 V2 V3 Vy Vs Ve \
Ugpk 0 0 — UD — UD UD UD 0 0
Upck 0 — LID UD 0 0 — UD UD 0

Table 2. Converter output voltages for individual vectors V.

Vi Vo Vi V2 Vs Vs Vs Ve vy
w0 B duy du, B B o
CHE I LS A A A A
UNE 0 lup lup 2up lup 2up 2up Up

The voltage Up = Uc is calculated from the intermediate circuit Equation (8).

t
ue () = %/O —(ip +ic)d + Uco ®)

The intermediate circuit current ip depending on the activated vector, ip = i(Vy), is
calculated from the measured phase currents i, and 7, and take the values shown in Table 3.

Table 3. Interphase voltages i, and uy, for individual vectors V.

Vi Vo Vi Vs Vs Vi Vs Ve Vy

ip 0 —iy— 1) i, —i, in —iy  dg4iy O

The R, L, and RMF circuit of the converter model is described by the system of
Equations (9).

Uapk = Ravin () + L% + ¢4 (t) — ey () + Ly B2l L Ry[ig (£) — i (1))

o , )]
Upek = Ryli(t) — i1 (£)] + Ly H271 ey (1) — ec(£) + Lo + Reip(t)

The time interval T, < t < T, ;1 between the activation times of subsequent vectors
Vi(n) and Vi(,41) is considered. It is assumed that during the action of vector Vj, the
electromotive forces ¢;, ¢;, and e, are constant and equal to E,;, Ep, and E, respectively.
Solving the equation system leads to the analytical expression describing the phase current
waveforms (10).
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Uy —Ea
R

lu(t) o t o, .
iy()| = | B | (1= e7F) + | Iy | e (10)
ic(t) Uy —Ec Ioc

The initial phase currents are given in the form (11),

Too = ia(T), Top = i(T), Toe = ic(T) (1)

while the electromotive forces have the values (12),

2 2
E, = Eysin(wTy, + ¢g), Ep = Epsin (an + ?7'[ + go()), E. = E,;sin (an - % + <p0> (12)

where @y means the phase shift angle between the set current and the electromotive force
of the given phase.

Equation (10) remains valid in the time interval T,, < t < T,,4; in which the vector
Vi(n) 1s activated. This time is not constant, in general, and after activating the next vector
Vi(ny1) attime £ = Ty, 11, new values of electromotive forces and initial currents (13)

. . 27
TIoapc = tapc(Tut1), Egpe = Emsin (CUTnH + 5t <P0> (13)

should be introduced to the current waveform formulas.

The interphase voltages u,,x and uy. appearing in Equations (9) and (10) and the
resulting phase voltages Uy, Uy, and U at converter output are given in Tables 1 and 2.
The values of these voltages depend directly on the supply voltage Up. Table 2 also includes
the zero-point potential Uy related to the negative-pole potential (—Up) of the power rail.

The recursive procedure for determining the phase current waveforms in the converter
model is reduced to attributing phase voltages given in Table 2 to subsequent vectors
Vi(n)- According to (10), for the sequence of vectors ... Vi, 1), Vi(n), Vi(ny1) - - - activated
at times T,,_1, Ty, and T,, 11, respectively, the formula describing the current waveform for
phase a has the form (14),

ia(t) = ok Fak (1-e7%) + Iouee™ (14)
R,

where the voltage u,, the electromotive force E;, and the initial current Iy,, have val-

ues depending on the activated vector Vi, 1, n41)- For instance, at time t = T, the

initial current and the electromotive force of phase a reach the values given by (12) and

(14), respectively.

The formulas describing the waveforms of phase currents i, i, and i. are valid for
the presented model of the mains converter. In particular, provided that the adopted
assumptions are maintained, they are valid after activating one vector V4, assuming that
in the set time interval the source voltages of the supply line are constant. Adopting the
above assumptions results from the fact that the time interval (t < T, T,41) is shorter by
at least two orders of magnitude than the time constant of the load circuit and the period of
the power supply network. Therefore, we can assume that the phase current waveform
in the assumed time interval is linear, and that Equation (10) describing these waveforms
can be simplified, thus accelerating their digital processing. The time derivative of phase
current (10) has the form (15)

Al

di, Uj—FEo ¢ 1. _
Ya _ Hak " a2 g
dt R, ¢ 7 0a€

(15)
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and its value at time t = 0 is equal to (16).

di, Uy —Ex 1
Da| _ ek ek _ 16
dt} —hu i, (16)

Therefore, the instantaneous phase current waveform can be approximated by Equation (17),

. Uy —E 1
in(t) = %t + In, (1 - T) (17)

and Equation (10) can be replaced by linearised expression (18).

Uy —Ea

iu(t) loa R _IO‘Z +
ip(#) | = | Jop | + | Pt~ Top | (18)
ic(t) Ioc uck];Ec — Io,

During the simulation and experimental tests conducted in the Institute of Electrical
Engineering, the results were compared for the cases in which control algorithms were
based on Equation (10) with those making use of the linearised Equation (14). The obtained
results turned out to be very close to each other, and the differences between the waveforms
of corresponding currents and voltages were negligibly small.

2.2. Converter Control Algorithm

Based on the adopted model of the converter, simulation tests were carried out for five
selected control algorithms, labelled as A1, A2, A3, A4, and A5.
The properties of individual algorithms were compared using the following parameters:

h content factor of output current harmonics
Toin minimal time between switches of inverter terminals
Tax maximal time between switches of inverter terminals
T,y Tér average time between switches
(o ratio Tiax/ Tiin
vnum number of vector switches in one period of current
Ip average value of the DC voltage source current
Iy amplitude of the set current value
I RMS value of the phase current
H width of the current control error hysteresis zone
SH width of the auxiliary current control hysteresis zone
1 frequency of the fundamental harmonic of the set inverter current
Ty period of the fundamental harmonic of the set inverter output current
fs frequency of digital sampling of the inverter control system
Ts period of digital sampling of the inverter control system
Up intermediate circuit voltage
X5 load circuit reactance
Ry load circuit resistance
0 phase shift between the current waveform and the electromotive force

The comparison tests were carried out for the converter load in the form of the rotor
circuit model of an asynchronous ring machine with a double-sided power supply.
The parameters of the equivalent diagram of the machine are as follows:

- The machine rotor circuit: X, = 0.0382 ), R, = 0.0068 ();

- The set waveform of rotor current i*(t) = I,;sin (wt + ’JZTN);



Energies 2025, 18, 419

8 of 26

- I,=500A,f=10Hzp=(0,1,-1);
- The electromotive force e, p, . (t) = Emsin(wt + ¢ + p27/3).
The following assumptions were made for the simulation tests:

- Converter supply voltage Up = 450 V;

- cosp =0.58;

- Current waveform hysteresis zone: H = 20 A;
- Auxiliary hysteresis zone: SH =10 A.

2.2.1. Structure of Control Systems

Given below is a brief description of the studied control algorithms and block diagrams
of systems implementing them.

Al. Hysteresis algorithm with analog comparators

The object of tests was the control system shown in Figure 2. The error is defined as
the difference between the set current and the measured current (19).

5 = i*(t) —i(t) 19)

:\
¥

|_1H*
¥

.

-
¥

|.IH*
¥
=
+
¥
™
L]
=

Figure 2. Control system with three analog error comparators.

The phase error signals J,, 5, and J. are given to the inputs of the analog comparators
with hysteresis characteristics. In all three phases, the hysteresis zone has the identical
value H. At the outputs of the comparators, digital signals are obtained, to whom state 1
or state 0 is attributed depending on their level. A control variable in the form of a binary
number (kykpk:) is constructed from these signals. Based on this variable, the decision
block selects an inverter vector Vi according to principle k = (kakyk.), where k is a decimal
number with the value corresponding to the binary number (kgkpk.). In the stationary
coordinate system o-j3, the 3D inverter output voltage vector Vj assigned to this number
has the form (20),

2 0o
Vi, = 5L[De]kké (20)
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where k; is the position angle coefficient of vector Vj relative to the coordinate system
o-jf3. It is usually assumed that the direction of vector Vj is consistent with the axis of real
component, and then the coefficient ky is assigned to the next vector k according to Table 4.

Table 4. Coefficients kj of vectors Vj.

Vi \%1 Vs, V3 Vy Vs ke
ke 4 2 3 0 5 1

Thus, the selection of vector Vi depends on the location of the current error vector J;
in the complex plane sector determined by the control variable. For two control variable
states, (000) and (111), the zero output voltage vector is activated.

Algorithm A1l does not introduce restrictions on the inverter switching speed. How-
ever, taking into account the capabilities of the simulation program, discretisation of the
control process was introduced, which consisted in sampling the current with a maximum
frequency of 1 MHz. In real systems, analog comparators can change the initial state in the
time below 1 ps, and the applied simulation model does not reproduce this property well.
However, compared to object parameters, the assumed sampling period can be considered
sufficiently short and the results obtained in this way reliable.

A2. Hysteresis algorithm with comparators activated periodically

The object of the simulation was the control system shown in Figure 3. The converter
is controlled according to the hysteresis algorithm based on the solution of Algorithm
Al. However, the error signals are activated here with constant frequency at the inputs
of the analog comparators. The sampling period is selected taking into account dynamic
properties of the object to avoid excessively high inverter switching frequencies. The
algorithm was tested for the time Tp =100 us. In the other solution, the control variable
(kakpkc) can be activated periodically at the decision block input, as shown in Figure 3,
while the phase currents are measured continuously. This model was selected for further
studies. Vector V is selected following the same principle as for Algorithm Al.

w
"
¥

x _‘H'
i, ™ = +® o
iF "Li‘:- +® -
| T K. K K
3
] | (K] |
'|r1‘“‘= 1rk‘:' rk-
I
oo SR o |;3| I
o LTE
Decision Block
V3l
Ty Ty
g
L - U,
Pty

Figure 3. Control system with three error comparators activated periodically.
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It is noteworthy that for the assumed sampling frequency, there is a limit to hysteresis
zone reduction. Exceeding this limit worsens, not improves, the inverter operation, as
the load current is changing too fast and exceeds the error zone boundary before inverter
switching is allowed. The rate of current changes is determined by the time constant of
the load circuit. It is obvious that the hysteresis zone width should be properly correlated
with the sampling frequency and load circuit parameters to obtain correct operation of
this algorithm.

A3. Hysteresis algorithm with two error comparators

An example of the implementation of the hysteresis algorithm with two error com-
parators in each phase is the solution presented in [20]. The decision algorithm is saved in
EPROM memory as a set of numbers corresponding to individual inverter vectors. Selecting
a specific vector consists in reading the selected memory cell, i.e., passing the address of this
cell. This address is constructed from standard output signals from analog comparators.

Compared to the control system operating according to Algorithm A1l, the system
implementing the algorithm with two comparators was expanded to include a group of
additional auxiliary comparators SKa, SKb, and SKc. The decision block receives six digital
control signals, based on which it determines the required states of inverter switches.
Introducing these additional comparators, with smaller hysteresis zone SH, makes the
information about the status of errors in all three phases become more complete. The basic
comparators control the activation of active vectors, while the auxiliary comparators are
used for the activation of zero vectors. This principle was used in tests of Algorithm A3, the
operation of which is shown in Figure 4. Compared to the algorithm presented in [20], there
is an important modification here—periodic activation of comparators has been introduced
to Algorithm A3. It was assumed that the hysteresis zone SH of auxiliary comparators is
equal to 50% of zone H.

¥

¥

i, .

...
- L
)
+)
T

7]

,L—vf———r——/———,-ﬁ——/——-——— mt

Decision Block

]
'

[#=]
=i

Figure 4. Control system for Algorithm A3 implementation.
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A4. Hysteresis algorithm with sampling

This algorithm is a variation of a type of control algorithm called delta modulation
algorithms. The principle of operation of this algorithm is based on a concept proposed
in [35]. This algorithm has two important features. The first of them is the principle of
periodic sampling of phase currents, and the second is the tendency to activate zero vectors
as often as possible.

The phase current error 6; = i*(t) — i(t) is compared with the set error zone H, after
which the following decision-making procedure is executed:

- If §; > H then the non-zero vector is activated;
- If §; < H then the zero vector is activated.

Non-zero vectors are activated when the error signal exceeds the set zone correspond-
ing to the activation of zero vectors. This means that as soon as the error returns to this
zone, the zero vector is activated in the first subsequent sampling cycle. The algorithm
selects a zero vector whose activation requires a smaller number of switches.

Ab5. Hysteresis algorithm selecting a vector with the longest operation

This algorithm was based on the concept of selecting the inverter output voltage vector
with the longest operating time [36]. In this algorithm, the selection of vectors takes place
first to reject vectors useless for control at a given phase current error status. Then, after
calculating the operating times of the pre-selected vectors with “good direction”, the best
of them is chosen. The criterion here is the maximum time of staying of the current error
vector within the permissible error area. This area has a form of a regular hexagon with a
side’s length equal to H.

Preliminary selection of vectors consists in determining the vector Vj corresponding
to the location of the current error vector ¢; in a specific sector of the complex plane (as for
Algorithm A1), with further qualification of the neighbouring vectors and the zero vector.

In the phase of operating time calculation for the qualified vectors, the load model
described by the equations presented above is used.

2.2.2. Results of Simulation Tests of Selected Hysteresis Algorithms

Figures 5-7 show printed waveforms of inverter phase currents and voltage vectors
obtained in simulation tests of individual algorithms. The simulation runs of hysteresis
Algorithms Al and A2 are shown in Figure 5, Algorithms A3 and A4 in Figure 6, and
Algorithm A5 in Figure 7. These simulations were obtained for the following assumed
values of simulation model parameters:

i*(t) Lusin(27tft + 2n)
eapc(t) Epsin(27ft + ¢ + 2n), wheren = 0, £1

Up 450 V

X2 0.0382 )

Ly 500A

Em 217.5V

f 10 Hz

SH 5A

R2 0.0068 Q2

H 10 A

¢ 45°(cos¢p = 0.7)

Ty 100 us
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Figure 5. Waveforms of inverter phase currents and voltage vectors for hysteresis Algorithms Al (a)
and A2 (b).
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Figure 6. Cont.
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10
t (10 ms)

(b)

Figure 6. Waveforms of inverter phase currents and voltage vectors for hysteresis Algorithms A3 (a)
and A4 (b).

ia, b, o (A)

500

300 ‘ >
v 9 b
e v "l

10
0 8 v t (10 ms)

Vi(V)

T

Figure 7. Waveforms of inverter phase currents and voltage vectors for hysteresis Algorithm A5.

0

t (10 ms)

The three next figures, Figures 8-10, show selected examples characterising the prop-
erties of the hysteresis algorithms. These results were obtained for different parameters of
the control model.

Figure 10 shows the situation simulated during the tests of the shaft generator control
system. The curves shown represent the machine converter phase current waveforms.
The set current frequency was equal to f = 1 Hz. Initially, the generator operates at sub-
synchronous speed, which makes the converter work as an inverter, supplying AC power
to the machine rotor. The average current value is positive, as the energy is taken from
the intermediate circuit. Then, the printout shows the synchronous operation mode and
transition to the mode of super synchronous operation of the generator. In the synchronous
mode, the converter continues to operate as an inverter, providing energy to cover resistive
losses, while the super synchronous operation of the generator is characterized by transfer-
ring part of the energy to the rotor circuit, as a result of which the converter switches to
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the rectifier operation mode. The next operation modes shown on the printout represent
(again) the synchronous operation and return to the sub-synchronous operation. The visible
irregularities in the waveform of the average current ip result from the low accuracy of

software averaging.
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Figure 8. Phase current i,, electromotive force ¢,, inverter output phase voltage Uy (a), and inverter
voltage vectors V, (b) obtained for the control model according to the discretized Algorithm A5; the

assumed sampling period T), = 100 ps. (Zero vectors Vj = 7(111) marked with number —1).
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Figure 9. Illustration of dynamic properties of the inverter controlled according to the hysteresis
Algorithm A1 based on the phase current waveforms obtained at step change of the set value of the
current (a), inverter voltage vectors Vi, (b) (zero vectors Vi = 7(111) marked with number —1).
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Figure 10. Three modes of converter operation are controlled according to Algorithm A5: inverter
operation, synchronous operation (the set current frequency f = 0), and rectifier operation: (a) three-
phase currents, (b) average current value ip.

2.2.3. Evaluating Results of Simulation Tests

The results obtained in the simulation tests are summarised in Table 5. It is noteworthy
that the parameter vnum included in the table determines the number of converter vector
switches. The simulation programincreases this number at each vector change. This number
is not equal to the number of terminal switches, as converter switches many occur in which
more than one terminal changes state.

Table 5. Results of simulation tests of algorithms.

Parameter Algorithm

Al A2 A3 A4 A5

vnum 1344 594 696 549 642
Toin 4.0 us 100.0 us 100.0 us 100.0 us 48.0 us
Tiax 192.0 us 700.0 us 500.0 us 700.0 us 372.0 us
4 48.0 7.0 5.0 7.0 7.7
Tsr 74.0 us 182.0 us 144.0 us 182.0 us 156.0 ps
Ip 294.7 A 2971 A 296.3 A 296.2 A 2945 A
Phase a 352.6 345.7 345.0 345.1 353.2
I Phase b 352.6 346.3 346.5 345.8 353.6
Phase ¢ 352.6 345.8 345.8 345.2 353.5
THD 0.257% 0.597% 0.539% 0.539 % 0.317%

The obtained simulation results allow the determination of basic properties of the
control making use of hysteresis algorithms.

The simplicity in implementation of Algorithm Al is accompanied by good control
properties. The algorithm ensures that the current flow is kept within the set limits. It
also provides high-speed response to the step change of the set current value. The basic
disadvantage of Algorithm A1, which eliminates the possibility of its use for controlling the
operation of higher-power converters, is the instability of the inverter switching frequency.
Very short time intervals between switches may occur, which are beyond physical switching
capabilities of the presently used power semiconductor elements. Moreover, quick switches
contribute to the increase in the content of higher harmonics in the output current.
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The other way to protect against the high switching frequency of converter ter-
minals consists of periodic testing of phase current errors. This method was applied
in Algorithm A2. As a result, this algorithm does not allow such quick switches as
Algorithm 1. The converter switching becomes more uniform, and the value of the co-
efficient vnum decreases. Compared to Algorithm Al, all remaining algorithms have a
much smaller Tax/Ti, ratio. In this respect, Algorithms A3 and A5 look most beneficial.
However, Algorithm A3 requires a relatively large number of switches, which is most
likely related to the obligatory zero vector activation in the zone of auxiliary comparators,
without checking the direction of RMF.

In all three Algorithms, A2, A3, and A4, the assumed current sampling frequency
fp = 10 kHz determines the minimum time T,;, = 100 us between switches.

For Algorithm A5, which, similarly to algorithm A1, allows switching with maximum
frequency f, = 1 MHz, the ratio ¢ = Tiuax/ Ty takes a value close to that obtained for
periodic Algorithms A2 and A4. At the same time, with relatively little variation in
switching times, the total number of all switches is larger than for Algorithms A2 and A4,
which results from allowing for the appearance of switches not synchronized by the
sampling frequency.

Comparing the currents Ip taken from the power source we can see that they do not
differ significantly for individual algorithms. The smallest current Ip occurs during control
according to Algorithms A5 and A1, while the largest is taken during control according to
Algorithm A2.

The uniformity of phase currents, determined by comparing their RMS values, is
similar for all algorithms. The lowest value of the higher harmonic content coefficient h in
output currents occurs during control according to Algorithms Al and A5, which results
from the fact that these algorithms are aperiodic, with the ability to switch with an accuracy
ofupto1 ps.

Only the two aperiodic algorithms ensure keeping the current accurately within the set
error zone. If a switching speed limit is introduced to Algorithm A5, then achieving such
an accuracy becomes impossible. The performed tests have also shown that Algorithm A5,
at a relatively small number of switches, improves the regularity of converter switching,
which is confirmed by the uniformity of loads of individual semiconductor switches, at a
much smaller ratio ¢ = T4y / Tpyiy, compared to Algorithm Al.

2.2.4. Experimental Tests of Hysteresis Algorithms

The results obtained in simulation tests have been verified practically. The experimen-
tal tests were performed on a laboratory model of the system shown in Figure 11. In the
first stage, the object of control was the squirrel cage motor SZJCe 563 6.1 kW and then an
asynchronous ring motor with a power of 50 kW.

The tested object was equipped with 7 measuring transducers with analog output
signals. Two of them were used to measure currents in the rotor, two for currents in the
stator, two for stator voltage, and one for voltage on the DC circuit capacitor. Additionally,
digital signals were obtained from the rotational speed encoder installed on the object.

The algorithms to be tested were implemented into the control system, the central
unit of which was a fixed-point signal processor. For this purpose, the Texas Instruments
processor TMS320C25 was selected. The control system consisted of the DSPrime 25/32
(APRO SA) card with a signal processor and a card with analog-to-digital converters and
input-output systems placed in the IBM PC station. The access to these two cards was via
the computer bus. The communication between the converter cart and the processor card
was via a high-speed signal processor bus. The current waveforms were read online and
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displayed on the monitor screen using a specially developed monitoring program which
processed the data from the analog-to-digital converters.

The tests were performed with four hysteresis Algorithms: Al, A2, A3, and A4. The
results of these tests, in the form of real waveforms of phase currents and inverter voltage
vectors, are presented further down.

COhject
Upy i R L, EMF

pm——————————— - .
| Casing PC |
| |
: Card H ﬁ i
' : P Card

ADC  In/Out ’T",':f;;i?{: E"‘; Card PC

Keyboard
Monitor

Figure 11. System for experimental tests.

3. Rectifier and Inverter Operation of Mains Converter

In the mains converter, the energy flow is controlled by setting the phase shift angle
between the network voltage ¢; and the set current waveform ij*((t). The level of active and
reactive power can be controlled in this way depending on needs. If work with cosg = +1
is required, then the angle ¢ should be adjusted accordingly to 0 or 180°, depending on the
selected operating mode.

3.1. Simulation Tests of the Converter

The simulation tests were performed with the model of an indirect AC-DC-AC con-
verter, the two-component converters of which were connected to the network in the way
shown in Figure 12. The AC-DC mains converter supplies energy to the load in the form
of a DC-AC machine converter with three phase chokes connected to the network. The
AC-DC-AC converter configured in this way could be used, for instance, as a reactive
power compensator (1).

Figures 13 and 14 show the results of the simulation of the two operating modes of the
mains converter. It was assumed that the supply voltage on the DC side is constant. This
converter, working as a voltage inverter, was controlled using the algorithm for maintaining
the set current in the following form: i*(t) = Isinwt.
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Figure 12. AC-DC-AC converter connected to the network.
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Figure 13. Illustration of rectifier operation of the mains converter controlled according to the
hysteresis algorithm: waveforms of phase currents if, the average value of intermediate circuit
current ip, network voltage ¢ (a), and vector Vy (b).
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Figure 14. Illustration of inverter operation of the mains converter controlled according to the
hysteresis algorithm: waveforms of phase currents if, average value of intermediate circuit current ip,
network voltage ¢ g (a), and vector Vj (b).
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The next figures, Figures 15 and 16, show the results of simulation control tests for the
model of the intermediate AC-DC-AC converter according to Figure 14. The tests were
performed based on the mains converter model shown in Figure 1.

800 B A [ T [ A :
i (A) ' ' ' ' '
u (V)

800 [

; ARREA ARARER AN
z AR AR AL AN RA
W 4
-400 §
0 40 120 160 200
t (ms)
Fs FM
ia ¢ =-m — la
- Ua (P=0 —_— Ua
T |am — UC
o s A c Ty - :
i (A) ' ' '
u (V)
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o
-400

0 40 80 120 160 200
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Figure 15. Simulated waveforms of AC-DC-AC converter: MR converter works as a rectifier, while
MI converter as an inverter. For both converters, the power factor |cosg | = 1.

Figure 15 shows three waveforms of the motor inverter MI, intermediate circuit
voltage Uc = Up, phase voltage U,, and phase current i,, as well as three waveforms
of the mains rectifier MR, phase voltage U,, phase current i,, and intermediate circuit
current. After connecting the AC-DC-AC converter to the network, the voltage Uc on the
intermediate circuit capacitor is established and both converters are ready for operation.
At time ty = 60 ms, the control of the MI converter is activated, and the converter switches
to the inverter operation mode. The electricity is transferred to the network, the voltage Uc
decreases due to the load on the intermediate circuit, and the shape of the phase current
waveform results from the action of the applied hysteresis algorithm. The fundamental
harmonic of the current is in phase with the network: |cos¢| = 1. The next three runs
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illustrate the operation of the MR converter, which works in rectifier mode. Activated at
time ty = 0, the converter takes the energy from the network to charge the intermediate
circuit capacitor unit to the set voltage Uc = Up. The charging process is very fast,
and after several milliseconds the voltage Ur = Up reaches the set value. However,
the current i, taken from the network during this process reaches a high value. After
charging the intermediate circuit, the current i, decreases significantly to reach the level
corresponding to the load introduced by the AC-DC-AC converter in idle condition. After
activating the MI converter, the value of the current taken from the network increases as a
function of the given load. According to the direction adopted in the model, the waveform
of the intermediate circuit current I, (green graph), shows the maximum value of the
direct current delivered to the intermediate circuit of the AC-DC-AC converter by the MR
converter working in rectifier mode.

800
i (A)
u (V)

400

FM

800

i (A)

0 40 8

0 120 160 200
t (ms)

Figure 16. Simulated waveforms of AC-DC-AC converter in situation when the machine converter
FM works as an inverter with phase shift ¢ = 77/2.
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Figure 16 shows the same three waveforms of the motor inverter MI, Uc = Up, Uy, i4,
and three waveforms of the mains rectifier MR, U- = Up, Uy, sy, but in a situation when
the machine converter does not load the intermediate circuit. Like in the previous case, the
MR converter activated at time ty = 0 quickly increases the voltage on the intermediate
circuit to the value Uc = Up set in the control system. At time ¢y = 60 ms, the MI converter
is activated. In this converter, the current is delayed with respect to voltage by the angle
¢ = /2 (cosg = 0). This control means that the MI converter does not take active power.

3.2. Experimental Tests of Converters

The objects of the tests were the AC-DC and DC-AC converters controlled separately.
The tests were performed in the power electronics laboratory of the Institute of Electrical
Engineering in Gdansk. The used laboratory model made it possible to conduct tests
with converters with different structure and power not exceeding 15 kW. Three possible
applications in the form of typical converter topologies, AC-DC, DC-AC, and AC-DC-AC
are shown in Figure 17. The system in Figure 17a is a conventional frequency converter. In
this system, only the machine converter is controlled, and the supply voltage Up, supplied
from the rectifier, is declared as a constant parameter in the control system. Figure 17b
shows the mains converter with load on the DC side, useful for rectifier work tests. Here,
the control system can be equipped with the controller of the intermediate circuit voltage
Up. The structure shown in Figure 17c is a complete intermediate AC-DC-AC converter. In
this case, each converter is controlled by its own control card.

Mains | scpe Up DC-AC
Conirol Load
h)
| L Ry
—— T Lo
Mains ACDC Up
Conirol

©) L

4 *F),} T 491 1 ()
Mains ACDC Up DC-AC Load

Conirol

Figure 17. Three converter structures of the laboratory model used for experimental tests: (a) frequency
converter, (b) mains converter, (c) intermediate converter.

The tests were first performed with the mains converter. The following parameters of
the tests were assumed:

Phase current and voltage:
i;h(t) = Iy Q27rft+ ¢o);
wy(£) = UmQ7eft + @o);
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@ =0,— 3 +?}
I =20A4A;
Uy =160 V;
Up =400V;
f =50Hz.

Load parameters:
Ly, =5mH;
Ry =15Q.

Hysteresis zone of the control algorithm:

H=2A.

The converter was controlled using the dSpacel1102 card. Control synchronization
was achieved by the procedures: ds1102_p14_freq and ds1102_p14_phase. The former
procedure continuously sends the period value, while the latter one ensures setting the
required phase. The number of 31,250 pulses is assigned to the network period. Phase
setting consists in attributing a number from the range 0 =+ 31,250 to the variable “¢”. If the
network frequency is 50 Hz, the phase setting accuracy is equal to 0.011°. Figures 18 and 19
show characteristic waveforms of phase currents and voltages in the AC-DC converter
(MR) obtained in the experimental tests. The current waveforms are accompanied by
the corresponding harmonic spectrum. The values of the phase shift angle ¢ were set
successively as equal to: 0, /2, —7t/2, 7.
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Figure 18. Mains converter phase currents and voltages and spectrum of current harmonics for phase
. T
shift angle ¢ = ) (a) and 0 (b).
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Figure 19. Mains converter phase currents and voltages and spectrum of current harmonics for phase

shift angle ¢ = g (a) and 7t (b).

In the spectra of phase current harmonics, the values of the third harmonic and the
fifth harmonic are negligibly small. It can be estimated that their level does not exceed 2%
of the fundamental harmonic value. For comparison, in the waveform of the input current
of an inverter powered in the classic way, the third, fifth, and seventh harmonics in the
spectrum can reach as much as several dozen percent of the fundamental harmonic.

The experiments were conducted with model-based control in the natural coordinate
system of the hysteresis algorithm. The algorithm worked with the shortest possible
processing time of the main program loop. The time interruption was set to 65 ps. In object
calculations, the algorithm used a linear model, according to the equations presented in
Section 2.1. For the adopted parameters of the experimental model, the number of converter
switches did not exceed vnum = 50 per one period.

4. Conclusions

The AC/DC converter is capable of operating either a valuable voltage or current
source of electrical energy. It depends on the applied control method. This paper presents
the mathematical model of the AC/DC converter formed as a current controlled VSI. The
control method makes the discussed converter operate as the current source device. The
mathematical model makes it possible to define essential important physical quantity
properties of the converter operating in two general modes of conversion. The analytic
expressions define fundamental physical variables of the converter and their relations:
phase current, voltage and reciprocal shift angle, power factor, and supply voltage. The
current wave is defined as a form of short line segments while the line voltage wave is
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assembled from horizontal line segments forming a stepped wave in order to approximate
a mathematical sine wave defining the line voltage. The lengths of steps are precisely
corelated with current line segments. The use of simplified analytic expressions assures
fast computer processing during simulation work.

The assumed current control method of the converter is created on the hysteresis algo-
rithms. Five different algorithms and comparative results of their performance allow for the
selection of an optimal control method depending on applications. A novel solution con-
sisting in periodic activation of comparators has been introduced to Algorithms A2 and A3
in order to avoid excessively high inverter switching frequencies. A sampling period was
selected, taking into account dynamic properties of the controlled object.

During simulation and experimental research works, the hysteresis algorithms were
implemented into the control card with the digital signal processor TMS C25 Texas In-
struments. A number of examples of current and voltage wave forms as well as acting
vectors taken during the simulation and experimental works are executed. They proved
the appropriateness and usefulness of the converter mathematical model. The proposed
model seems to be a very valuable and useful mathematical tool during research works on
energy conversion by use of VSIs.
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