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ABSTRACT

This study proposes a switch-mode three-phase active tracking AC-AC voltage regulator based on the buck
converter. The regulator topology incorporates a moderate number of components with less complexity and high
efficiency. An efficient hybrid control technique, based on a closed-loop PID controller that is supported with a
new designed feedforward controller, is proposed for the regulator control different to the similar studies in the
literature. The hybrid control technique augments the response of active tracking of the reference output phase
voltages to achieve an improved quality close to sine-wave output phase voltages for either the input AC phase
voltages that are ideal pure sine-wave or include various harmonics. The regulator topology has a modular
structure for independent control of each output phase. So, the regulator can help to achieve close to sine-wave
output phase voltages to supply a balanced/unbalanced wye-connected three-phase load or independent single-
phase loads. The presented three-phase regulator and the control technique are tested with simulation and
experimental studies. The laboratory set-up of the regulator is designed for 2.2 kW output power, 0-300 Vp input
phase voltages (50 Hz), and 0-200 Vp output phase voltages. The results demonstrated that the proposed switch-
mode three-phase buck-type active tracking voltage regulator can provide the desired AC phase voltages with
less than 5% THD (total harmonic distortion) and low harmonics for different operating conditions.

Keywords: Buck converter, AC-AC regulator, Three-phase, Active tracking, THD

Etkili Bir Hibrit Kontrol Teknigi ile Algaltic1 Cevirici Tabanli Ug Faz
Aktif Izleyen AA-AA Gerilim Regiilatorii

Oz
Bu ¢alisma, algaltici ¢evirici tabanli anahtarlamali mod aktif izleyen bir AA-AA gerilim regiilatdrii sunmaktadir.
Regiilator topolojisi az karmasiklik ve yiiksek verimlilik saglayacak sekilde makul sayida eleman icermektedir.
Literatiirdeki benzer ¢aligmalardan farkli olarak, bu c¢alismada regiilatoriin kontrolii i¢in kapali ¢evrim PID
kontrolciiniin yeni tasarlanan bir ileri beslemeli kontrolcii ile desteklenmesi tabanli etkili bir hibrit kontrol
teknigi onerilmistir. Hibrit kontrol teknigi, giris AA faz gerilimlerinin ideal saf siniis dalgas1 olmasi ya da farkli
harmonikler icermesi durumunda dahi iyilestirilmis kalitede siniis formuna yakin ¢ikis faz gerilimlerinin elde
edilebilmesi i¢in referans ¢ikis faz gerilimlerinin aktif izlenmesi cevabini arttirmaktadir. Regiilator topolojisi her
bir ¢ikis fazinin bagimsiz olarak kontrol edilebilmesini saglayan modiiler bir yapiya sahiptir. Boylelikle
regiilatdr, dengeli/dengesiz yildiz bagli {i¢ fazli bir yiikiin ya da birbirinden bagimsiz tek fazli yiiklerin
beslenmesi i¢in siniis dalga formuna yakin ¢ikis faz gerilimlerinin elde edilebilmesine yardimci olmaktadir.
Sunulan {i¢ fazli regiilator ve kontrol teknigi simiilasyon ve deneysel caligmalarla test edilmistir. Regiilatdre ait
laboratuvar test diizenegi 2.2 kW ¢ikis giicii, 0-300 Vp giris faz gerilimleri (50 Hz) ve 0-200 Vp ¢ikis faz
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gerilimleri i¢in tasarlanmistir. Elde edilen sonuglar, 6nerilen anahtarlamali mod ii¢ faz algaltict tip aktif izlemeli
gerilim regiilatoriiniin farkli ¢alisma kosullarinda %5 ten az THD (toplam harmonik distorsiyonu) degerine sahip
istenen AA faz gerilimlerini saglayabildigini gostermektedir.

Anahtar Kelimeler: Alcaltici ¢evirici, AA-AA regiilatorii, Ug faz, Aktif izleyen, THD

. INTRODUCTION

One of the major problems of AC loads in power systems is decreasing power quality caused by
increasing electrical power demand. AC loads, need to be supplied by alternating voltages with
determined acceptable voltage magnitudes, where most of the AC loads require nearly constant
magnitudes of the phase voltages. Transient effects in distribution systems decrease the power quality
of the AC loads and lead to voltage sags or voltage swells. In addition, variable AC voltages (not the
same as the constant grid voltages) may be required for some AC loads in applications such as motor
controls. Depending on the mentioned reasons, various solutions are developed for AC regulation and
the studies for this area still go on.

In order to regulate the voltage variations of the distribution systems, voltage conditioners [1,2],
voltage sag/swell compensators [3,4], voltage sag supporters [5,6], DVRs (dynamic voltage restorers)
[7,8], etc., that are FACTS (flexible AC transmission systems) devices, are successfully incorporated
to the power systems and efficient results are achieved. By these devices, the provision of the
requested distribution network voltages for the buses of the AC loads can be obtained. For this reason,
it cannot be possible to regulate individual AC loads voltages by this technique. An additional
coupling transformer is required for these VSIs (voltage source inverter) based FACTS devices
regulators. A DC-AC converter topology or an AC-DC-AC converter topology may be constructed for
the mentioned FACTS devices’ VSIs. Batteries or capacitors that are independent external DC storage
systems are required for the DC-AC converter-based VSls. For this reason, VSIs based on DC-AC
converters are not capable of accurate compensation of voltage sags or voltage swells. In addition
external storage unit capacities restrict the capabilities of the AC-DC-AC converters-based VSlIs
incorporate AC-DC structure in the main topology. Thus, need for external storage systems is not
necessary in AC-DC-AC converters. Nevertheless, increased total loss of the AC-DC-AC converter-
based FACTS devices, because of the additional AC-DC unit, brings a disadvantage compared to the
DC-AC based FACTS regulators.

In order to avoid using an additional coupling transformer like in the FACTS-based regulators, AC-
DC-AC based VSIs may be applied directly for voltage regulation for AC loads [9,10]. Another
advantage of the mentioned VSIs is that they can regulate the voltages of each AC load through the
distribution voltages, if the distribution voltage is in the determined level or not. Nevertheless, direct
AC-AC conversion is not possible in these VSIs. Total AC-AC conversion is done in two stages, AC
to DC and then DC to AC conversion. It is clear that this increases the total loss and this causes a
disadvantage for using VSlIs for voltage regulation.

Apart from the regulation solutions mentioned above, it is evident that direct AC to AC conversion
provides superiority regarding less complexity and improved voltage regulation capabilities. Many
kinds of AC-AC regulator topologies are proposed by the researchers in the literature. AC-AC PWM-
based choppers can provide desirable AC voltage regulation [11]. Because of chopping the input sine
wave to regulate the output voltage level, the output voltage includes high-level high-frequency
harmonics and it is far from the ideal sine wave. Because of this situation, using additional filtering
units such as passive filters or coupling transformers is essential to reduce the harmonics of the
regulator output voltage. The researchers study AC-AC regulators based on switch-mode operation
such as buck [12-16], boost [17,18], and buck-boost [19,20] type regulators for AC regulation for a
long time. As the mentioned AC-AC regulators operate in switch-mode and have an internal filtering
structured topology, close to sine-wave output voltages without the need for additional filtering units
to eliminate the output voltage harmonics can be provided. Reduced number of elements is required in
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these regulator topologies. The in the literature proposed switch-mode AC-AC regulators obtain
successful results. However, input AC voltages are assumed as ideal sine waves in these studies and
non-sinusoidal input voltage cases are not considered. But, because of distortions in distribution
networks, the input supply voltages of the AC loads can have harmonics and can be far from sine
wave. Because of this, AC-AC regulators must eliminate the voltage harmonics during the AC
regulation process. As the AC loads have to be supplied by as close as possible to ideal sine-wave
voltages, where THD is under 5% [21], the harmonic elimination capability of AC-AC regulators
becomes an important issue.

A three-phase buck-type active tracking AC-AC voltage regulator is developed in this paper. For the
active tracking of the demanded reference output sine-wave phase voltages, an improved control
technique is presented for the regulator operation control. The proposals for the regulator topology and
the control technique are patented by the co-author of this paper [22]. The proposed regulator topology
has a reduced numbers of components, just twelve switches, three capacitors, and three inductors. The
buck-type structure of the proposed three-phase regulator allows to obtain voltage amplitudes for each
output phase that is lower than the input voltage amplitudes of each input phase in a wide range. The
regulator topology has a modular structure for independent control of each output phase. So, the
regulator can achieve close to sine-wave output phase voltages to supply a balanced/unbalanced wye-
connected three-phase load or independent single-phase loads. The proposed control technique has a
new hybrid control structure unlike similar studies in the literature. A closed-loop PID controller is
supported by a new feedforward controller in this hybrid control technique. In this way, an
enhancement of the active tracking of the reference sine-wave output phase voltages is provided to
obtain as close as possible sine-wave output phase voltages, when the input phase voltages are either
pure sines or not. The presented three-phase regulator and the control technique are tested with
simulation and experimental studies. The results have demonstrated that the proposed switch-mode
three-phase buck-type active tracking voltage regulator can provide the desired AC phase voltages
including lower than 5% THD harmonics for different operating conditions.

[I. THE THREE-PHASE BUCK AC-AC REGULATOR

In this section, the topology of the proposed three-phase AC-AC regulator based on the buck
converter, as well as the regulator's operation procedure and the dynamic analysis are described.

A. THE REGULATOR’S TOPOLOGY

Figure 1 shows the main circuit of the proposed three-phase AC-AC regulator based on the buck
converter [22].

As seen in Figure 1, the proposed three-phase AC-AC regulator is comprised of three buck converter
based sub-circuits that are connected to each other as wye-connection at a common point. This point is
the neutral point (N). The second-order subscripts “1,2,3” represent the phase number of the three-
phase and this is represented generally in the study as “n” where n=1,2,3. To have a neutral return, the
regulator sub-circuits' neutral point N and the three-phase load neutral are linked together. So, modular
three independent single-phase or three-phase unbalanced regulator operation can also be achieved by
the structure of the proposed regulator topology.
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Figure 1. General topology of the proposed three-phase buck-type AC-AC regulator

Input AC phase voltages, output AC phase voltages, inductors, and capacitors are represented by Vi,
Van, Ln, and C,, respectively in Figure 1. Si, and Sy, are the bidirectional active switches. Si, and San
are realized with IGBTSs. So, the proposed regulator circuit, where IGBTs are used, can be given in
Figure 2.

Via(t)

iop(t) ioplt) io3(t)
N Vou(t) Vou(t) Vos(t)
Figure 2. Proposed three-phase buck-type AC-AC regulator with IGBTs

B. THE REGULATOR’S OPERATION PROCEDURE

The proposed three-phase AC-AC regulator’s operation procedure is based on the well-known
traditional buck converter. In the study, each phase sub-circuits is structured identically. The instant
input phase voltages Vin(t) are bucked at the output and Von(t) phase output voltages are obtained
based on the control of PWM duty ratios (d,) of Sin. In this way, the output phase voltages are
produced as AC phase voltages with the same polarity as the input phase voltages, but with lower
amplitude values than that of the input phase voltage values. Sz, play the roles as the supplementary
switches of Sin. While S1, are turned on, Sz, are turned off. The inductors, capacitors and output phase
loads are supplied by Vi in this stage. While Si, are turned off, Sz, are turned on. The pre-energized
inductors supply the capacitors and output phase the loads in this stage.

The Vi, input phase voltages’ polarities change at each half period, because the input phase voltages
Vin are alternating voltages. Thus, the on-off states of the sub-active switches of the bidirectional
active switches Si, and Sz, need to change for each half-period of the input phase voltages depending
on the polarities. In Table 1, the details for control of Si1n» and S, active switches are shown in detail.
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Table 1. Control signal of IGBTs used in Figure 2 as part of the bidirectional Si, and Sz, active switches.

Sln SZn
State Positive Half- Negative Half- Positive Half- Negative Half-
Wave Stage Wave Stage Wave Stage Wave Stage
Slan Slbn Slan Slbn SZan Szbn SZan San
ON on off off on off on on off
OFF off off off off off off off off

Figure 3 summarizes the IGBTs’ switching pattern in detail.

Vin
positive
0 half-wave \JT 21T

: —>wt
ton toff |}
Stanl; : :
SlbnTEEEE EEET’*\% l—l- »>wt
Szan ----- Wt
b L],
2bndA 4t L N :
THH ----- ] I_l E=wt

Figure 3. Switching pattern of the IGBTs

Figure 4 summarizes the equivalent sub-circuits of the proposed regulator topology for one cycle sine-
wave input voltage depending on Figure 2 and the proper control of the active switches as given in
Table 1.

(d)

Figure 4. Equivalent sub-circuits of the proposed buck type regulator (a) Positive half-wave output stage, on
mode (S1n is 0N, Sy, is off), (b) Positive half-wave output stage, off mode (Sin is off, Son is on), (c) Negative half-
wave output stage, on mode (S1n is on, Sy, is off), (d) Negative half-wave output stage, off mode (S1n is off, Son is

on)

So, the two main stages given below summarize the proposed regulator’s output phase voltage
producing operation for one cycle according Figure 3 and Figure 4.

Stage 1 (0<wt<m): In this stage, the input phase voltage is in positive half-wave periods regarding the
defined polarities. While the PWM on-stages of Sin (Szn are off), Sian are turned on, Sip, are turned off
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and both Sz, and Sann are turned off. While the PWM off-stages of Sin (San are on), both Sian and Sapn
are turned off, Sz are turned off, and Sz, are turned on. The positive half sine-wave phase output
voltages are generated by the phase input voltages based on the continuous proper control of d, that
are the PWM duty ratios of Si,.

Stage 2 (m<wt<2r): In this stage, the input phase voltage is in negative half-wave periods regarding
the defined polarities. While the PWM on-stages of Sin (Szn are off), Sivn are turned on, Sian are turned
off and both Szan and Sz, are turned off. While the PWM off-stages of Sin (Szn are on), both Sia, and
Sipn are turned off, San are turned off, and Saan are turned on. The negative half sine-wave phase output
voltages are generated by the phase input voltages based on the continuous proper control of d, that
are the PWM duty ratios of Si,.

C. THE DYNAMIC ANALYSIS

This section gives the detailed dynamic analysis of the proposed three-phase AC-AC regulator based
on buck converter. In order to provide precise analysis for real-time applications, parasitic effects of
the elements used in the topology are taken into account during the analysis.

The proposed regulator’s equivalent circuit for the positive half-wave input stage is given in detail in
Figure 5. The same IGBTSs used in the study are selected. So the equivalent circuits in Figure 5 are
valid for each phase sub-circuits.

VEE“ Vi g 1y o _ .
Vin® Yicn® Yior0 %

+
Slan Slbn

+
Vin) T}Szn VC?(Qﬁ Rall Von(®
P Cn _
) @ -
Elﬂ iLn(t) n e X
S — VLn® Yien® Yipa®+

2an +VFn +
Vin(®) VCn(tl Rn Von(t)
_ S2bn{E Ve, rCn-ﬁ _
(b) -

Figure 5. Positive half-wave stage equivalent circuit of the regulator (a) on-mode — Si, is turned on and Sy is
turned off, (b) off-mode — S1n is turned off and S, is turned on

In Figure 5, ion, iin, icn, Vin, Ven, Ve, Veen, 'in, fen, @and R, represent the output currents, inductor
currents, capacitor currents, inductor voltages, capacitor voltages, forward biasing voltages of the
IGBTSs’ anti-parallel diodes, collector-emitter on-voltages of the IGBTS, equivalent series resistances
(ESRs) of the inductors, ESRs of the capacitors, and output phase load resistances, respectively.

The regulator’s dynamic analysis can be done for the positive half-wave input stage according Figure
5. The dynamic equations of the output voltages and inductor currents can be obtained for the two
modes, on-mode and off-mode from Figure 5.

On-mode (S1» are on and S; are off): The inductor currents’ and the output voltages’ state equations
can be obtained from Figure 5a for on-mode, respectively as follows.

1 1 1
dt - _L_ LnILn (t) _L_Von (t) + |__|:Vin (t)_VCEn _VFn :| (l)
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dVO (t) R 1 rno R e 1 r. R,
remiaiew bl IR U b V, (t)+— [V, (t)~Vee —V
dt Rn + rcn |:C L ILn ( ) Rn N rcn L + RnCn 0, ( )+ (Rn + rc )Ln |: in ( ) CE, F :| (2)

n n n

Off-mode (Sin are off and S, are on): The inductor currents’ and the output voltages’ state equations
can be obtained from Figure 5b for off-mode, respectively as follow.

& =—:mmakiyﬁn—gwﬁ+wj -
dVon (t) _ Rn 1 rcn an . Rn rCn 1 rcn Rn
dt _[&+hﬂaf'H}M“}{&+aﬂﬁfﬁﬁijuwa+gjgwm+WJ @

Through (1) and (2), the state-space model equations of on-mode can be determined as shown below,

| o, 1 |
MU): L, L, i (t)
Von (t) F\)n i _ rcn rI—n _ Rn rC_n + 1 VOn (t)
R+ |C L, Ro+1e | L RCyl|
i 1 1 1 ] ()
L o I

+ V
RO [ROR] RG]
R, + e L, R, + e L, R, + e L, VFn

Through (3) and (4), the state-space model equations of off-mode can be determined as below,

_h _1
i (t) L, L, i (t
Von (t ) Rn i _ e rI-n _ Rn rc_n 1 VorI t
i R, +r. |C, L, R, +r. (L, RC, |
I 1 1 ] (6)
° T T %

V
’ 0 - Rn r-Cn _ Rn rcn o
R, +r. L, R,+T. L, Ve

As mentioned before, the dynamic analysis presented above is derived for the positive half-wave input
case. The same state-space equations of (5) and (6) can also be derived when a similar dynamic
analysis is performed for the negative half-wave input case. Thus, it is clear that the state-space
equations (5) and (6) provide the validity for both negative and positive half-wave input cases. So, the
small signal transfer functions between PWM duty ratios and the output phase voltages can be
determined using (5) and (6) as
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V, (s) 9,5+(a,9,+¢,,)

G S)= =
s, () d,(s) s*+(a,+e,)s+(ae, —bc,) 0
The coefficients used in (7) are:
r‘L
a, =— 8
L (8)
1
I
oL, )
. ERLAN (10)
" R+ |C, L, |
S T L (11)
" Rn—I—I’Cn _Ln RnCn_
V.
fo=T (12)
Ln
r.R _
0, =———V, (13)
(Ri+1 )L,

In (12)-(13), V, define the input phase voltages at the operating point.

[1l. THE PROPOSED HYBRID CONTROL TECHNIQUE FOR
THE REGULATOR’S OPERATION

In this section, the proposed hybrid control technique, which is applied for the control of the proposed
AC-AC regulator, is given in detail. Figure 6 shows the general control diagram of the proposed
regulator.

As seen in Figure 6, the PLLs provide determine the frequencies and the wave-form of the reference
signal of the AC phase voltages and Vi, determine the magnitudes of the reference output AC phase
voltages. So, the desired sine-wave reference AC output phase voltages can be obtained according to

Vi, (Wt) =V, sinw;t
Vg, (WE) =V, sin(w,t =120°) ¢ (14)
Vg, (WE) =V, sin(wit +120°)
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As demonstrated in Figure 6, the proposed hybrid controller is constructed with two main units. One
of these units is the traditional closed-loop PID controller. The PID controller eliminates of the error
between the real output voltage and the reference and satisfies the desired response performance in the
design. The hybrid controller’s other unit is the feedforward controller. It is developed in this study
and called “control law (CL)” as seen in Figure 6. Open-loop based CL provides a PWM duty ratio
regarding the topology parameters as given below.

2L, |V, sinw,t|(V, sinwit] +Vee +V )
dCLn (Wt) _ ni'r, n r : n CE, F, (15)
v, ()| (v, (wt)[ =]V, sinwit|-Vee —Ve Ty R,
THREE-PHASE BUCK AC VOLTAGE REGULATOR
o, (D)
T B,:ék T L 2
lvil(t) Voltage Eﬁ l\/"l(t)
= Regulator -~
(phase-1)
T I Signal
#Generator
PLL -1
-1 e _]Control
Law-1 «
PID
Controller
-1
*é_ M hRree- | |
% (1) PHASE | |
_ Bk . °2” | LoAD :
_ AC
lv.z(t)E Voltage lvoz(t) Ry
— Regulator - |
(phase-2) L _23_ — 11
TEYL_ I Signal
+4Generator,
PLL -2
-2 @ _]Control
Law-2 3
PID
Controller
-2
O
)
™ BAugk T N—e
l\/is(t) Voltage % lv%(t) N
o Regulator - ®
(phase-3)
I Signal
ZGenerator
PLL -3
- e Control
Law-3 «
PID
Controller
-3
O

Figure 6. General control diagram of the proposed regulator

Ts represents the PWM switching period in (15). It is not possible to achieve the reference output
voltage only by the PWM duty ratio of the CL in (15). But the duty ratio produced by the CL provides
a close value to the real duty ratio. (16) shows that the CL has a static structure that can provide a duty
ratio and the duty ratio can be obtained in a fast manner. Thus, the requested operating duty ratio
works with an enhanced response performance by supporting the PID controller with the CL. In this
way, close to ideal sine-waves with low THD can be achieved by the proposed hybrid control as the
proposed hybrid control technique provides an active tracking of the reference output voltage in an
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efficient and accurate manner. Thus, the CL and the PID controller generate the requested operating
PWM duty ratio together as

d,(wt)= dpip, (vvt)+dCLn (wt) (16)

digital
processing __sctn®

unit “VeLn®@)

R o ST e PWMn(Z)IE)ﬂGbuckn(S)I\érﬁ
% 5% 5
S £~

Figure 7. Discrete-time control block diagram based on the proposed hybrid control technique for the buck-type
3-phase regulator

Discrete-time control is chosen for the control of the regulator operation in this paper. Thereby, in
Figure 7, the control block diagram of the regulator based on the proposed hybrid control technique
can be depicted.

The equations given below which define the relations between the transfer functions and the control
signals of the discrete-time control block diagram can be obtained from Figure 7.

G, (2)= Wn(z) (17)
Vy (2) =Ve (2) + Ve, (2) (18)
d,(z)=V, (2).PWM,(2) (19)
The determined PID controller’s transfer function can be expressed in this paper as follows
G, (2)=K, +K, 24k 271 (20)
" " nz-1 "z

IV. THE SIMULATION AND EXPERIMENTAL RESULTS

The design steps of the proposed regulator are determined and the regulator study results for both the
simulation and the experimental tests are given in this section.

A. THE DESIGN CRITERIA FOR THE REGULATOR STUDY

An experimental laboratory set-up of the proposed regulator is built to verify the real-time
experimental performance of the proposed regulator. The set-up is designed for 2.2 kW output power,
0-300 Vp input phase voltages (50 Hz), and 0-200 Vp output phase voltages. IXGH20N60BU1 type n-
channel high-speed IGBTs (Vces=600 V, Vce=1.7 V, Ve=1.6 V, 1c=40 A) are chosen as the active
switches in the set-up topology. Table 2 demonstrates the chosen values of the capacitors, the
inductors, and the switching frequencies for the regulator circuit’s phase sub-units.
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Table 2. The selected values of the switching frequencies, inductors and capacitors.

Switching Capacitors Inductors
Freq :cl::nues Ca Fen L, i
(kH12) (uF) (mQ) (uH) (mQ)
50 15 200 50 150

In Table 3, the determined operating point parameters which are used in the discrete time PID
controllers design for the phase sub-units are given.

Table 3. The considered operating point parameters of the regulator operation.

\_/in D \_/On I};
) " ) “
150 0.5 75 30

The parameters of the PID controller used in (21) are obtained through the optimum design and
performance analysis in MATLAB-Sisotool as can be seen below

K, =-0.045, K, =0.1064, K, =0.0073 (21)

B. THE RESULTS OF THE SIMULATION STUDIES

Simulation tests with the proposed hybrid control approach are used to validate the theoretical
proposals of the study.

Table 4 gives the applied three different simulation test cases in MATLAB Simulink to the regulator
system. Figures 8-10 demonstrate the wave form test results for the simulation studies. Table 5 also
gives the numerical results of the simulation tests for the output in detailed. THD), and THDy, in
Table 5 are the THD values for currents and voltages, respectively.

Table 4. Test cases of the simulation studies.

Desired output

Test Vin fundamental sine-
Case V) Output Load Zn wave voltage Von
No V)
Vi1 Vio Vis Z, Z Z3 Vor Vo2 Vs
200V 240V 180V . - .
1 sine sine sine Resistive Resistive Resistive 150 150 150

(f=50Hz) (i=50Hz) (f=50Hz) 20 R~20@ Rsm200

150V 1.75\/ Z.ZOV Inductive  Inductive Inductive
5 sine sine + sine +

R1=6Q R=6Q R3=6Q 100 100 100
_ LOH HOH _ ’ _ ’ _ ’
(f=50Hz) (f=50Hz)  (f=50Hz) Li=4.7mH L>=4.7mH L3=4.7mH

160V 120V 100V

Inductive  Capacitive

sine + sine + sine+  Resistive . A
3 HOH fluct LOH  Ri=10Q LR_Zggsz){H CR_3655%F 50 70 85
(f=50Hz) (f=50Hz) (f=50Hz) 2=6. 3=0.

fluct.: fluctuations, HOH: high order harmonics, LOH: low order harmonics

The results given in Figures 8-10 and Table 5 show that the proposed three-phase AC-AC regulator
based on the buck converter can produce the desired reference AC phase sine-wave voltages with
under 5% THD values, where the three-phase output is unbalanced and the input AC phase voltages
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include harmonics components. It is clear from the achieved results that the proposed three-phase AC-
AC regulator based on the buck converter is capable of operating in independent single-phase loading
in modular mode. As a result, the accurate and efficient active tracking of the reference phase output
voltages of the proposed hybrid control technique is revealed by the achieved numerical results in
Table 5 and wave form results in Figures 8-10.

0
Time (ms)

Figure 9. Simulation results for test case-2

o 10 200 30 a0 50 60 70
Time (ms)

Figure 10. Simulation results for test case-3

Table 5. The achieved numerical simulation results of the test cases.

Test Obtained \F/undamental THDw, THD,,
Case (\;’; (%) (%)
No Vo1 Vo2 Vo3 THDy: THDv, THDy: THDy;; THD;, THDs3
1 150.2 150.2 150.2 2.06 2.06 2.06 2.06 2.06 2.06
2 100.3 100.3 100.3 2.11 2.11 2.11 2.03 2.03 2.03
3 50.1 69.9 84.7 1.93 1.87 2.01 1.93 1.79 2.16

C. THE RESULTS OF THE EXPERIMENTAL STUDIES

Experimental tests with the proposed hybrid control approach are used to validate the real-time
practical application of the study. Figure 11 depicts the experimental set-up that is designed for the

regulator system.
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Figure 11. The designed experimental set-up of the regulator system
Table 6 shows the applied three different experimental test cases on the laboratory set-up to the

regulator system. Figures 12-14 demonstrate the wave form test results for the experimental studies.
Table 7 also gives the numerical results of experimental tests for the output in detail.

Table 6. Test cases of the experimental studies.

Desired output
Test Vin

fundamental sine-
Case V) Output Load Zn wave voltage Von
No V)
Vit Vio Vis Z; Z; Z3 Voo Voo Va3
15.0\/ ZQOV 180\/ Resistive  Resistive Resistive
1 sine sine sine

_ ° ° 120 120 120
(f=50Hz) (f=50Hz) (f=50Hz) -0 Re=30@ Re=300

160V 120V 100V Inductive  Inductive Inductive

2 sine sine sine R1=10Q, R=10Q, R3s=10Q, 80 80 80
(f=50Hz) (f=50Hz) (f=50Hz) L;=10mH L,=10mH L3=10mH
175V 175V 175V Resistive Inductive  Capacitive

3 sine sine sine R=7Q, R3=20Q, 100 50 65

(f=50Hz) (f=50Hz) (f=50Hz) 22 | =0omH C:=0.33mF
fluct.: fluctuations, HOH: high order harmonics, LOH: low order harmonics

Figure 12. Experimental results for the test case-1 (V/div=A/div for lon) (a-C)
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Figure 14. Experimental results for the test case-3 (V/div=A/div for lon) (a-C)
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Table 7. The achieved numerical experimental results of the test cases.

Obtained Fundamental

Test v THDwn THDin
Case (\;’; (%) (%)
No

Vo Vo2 Vs THDvi THDyv2; THDys THDiz THDy, THDis
1 1204 1204 1204 1.95 1.99 1.98 1.90 1.96 1.94
2 80.3 80.3 80.1 1.75 1.82 1.86 1.61 1.70 1.73
3 100.2 49.9 65.1 2.19 2.10 2.02 2.14 1.91 2.19

The results given in Figures 12-14 and Table 7 show that the proposed three-phase AC-AC regulator
based on buck converter can produce the desired reference AC phase sine-wave voltages
experimentally with under 5% THD values, where the three-phase output is unbalanced. In this study,
the experimental voltage and current THD values are measured and transferred to MATLAB. The
related transferred waveforms are analyzed in MATLAB and voltage/current THD values are obtained
by analyzing these waveforms. It is also clear from the achieved results that the proposed three-phase
AC-AC regulator based on buck converter is capable of operating in independent single-phase loading
in modular mode. As a result, the accurate and efficient active tracking of the reference phase output
voltages of the proposed hybrid control technique is revealed experimentally through the achieved
numerical results in Table 7 and wave form results in Figures 12-14.

A comparative test study is performed to demonstrate the efficient active reference phase output
voltages tracking of the proposed hybrid control. The proposed hybrid control technique and the
standalone PID control are applied to the proposed regulator separately for the experimental test case-
3 in this comparative test application. Figure 15 depicts the provided phase-2 output voltage
waveforms for the mentioned two separate applications together. Table 8 also show the comparative
numerical output THD results of these comparative applications.

| Reference Proposed Standalone
: Sine-wave Hybrid Control PID Control
i —
|

|

2!
[E—
20.0 Vidiv| 20.0 Vidiv| 2.00 msfdivj Auto 0oV
2.00 msidiv] 2.00 ms/div| 200 kS 10 MSis|Edge  Negative]
1 221V
221V,

L 221V|
i 221 Vi1

Xi= 149820ms &%= 0.0ps
K= 149820ms 1=

Figure 15. Comparative output phase-2 voltage Vo, wave forms of the proposed hybrid control and the
standalone PID control for the test case-3 (20V/div, 2ms/div)

Table 8. Comparative THD results of the proposed hybrid control and the standalone traditional PID control for
the experimental test cases.

THD results of the proposed hybrid THD results of the traditional
control method standalone PID control
(%) (%)
Test THDvx THDn THDvx THDi
Case
No > S S = o o g g 2 - s @
¢ ¢ ¢ & 8 2 ¢ ¢ ¢ 9 & &
T F £ F F F E EFE E F F F

1 195 199 198 190 196 194 209 210 208 199 205 2.06
175 182 186 161 170 173 183 190 198 174 177 187
3 219 210 202 214 191 219 228 221 209 227 204 229

N




Figure 15 proves that better active tracking of the reference phase output sine-wave voltages can be
provided through the proposed hybrid control technique than the standalone traditional PID control.
As a result, enhancing the active tracking capability of the developed CL by supporting the PID
controller is proved. The efficiency of the proposed hybrid control technique can also be proved by the
obtained output THD results as seen in Table 8. The less than 5% THD results in Table 8 show how
the proposed hybrid control technique provides high quality close to sine-wave phase output voltages.

The efficiency of the proposed three-phase regulator based on buck converter is analyzed for various
output power rates considering the regulator power rate limited in the design. Figure 16 demonstrates
the efficiency of the regulator and proves that good enough efficiency can be provided by the proposed
regulator.

100 ;
—_ WVin=175V, Von=100V
X
> 95
Q
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2
z.% 90 - .
[+ =
1]

85 : : '
0 500 1000 1500 2000 2500

Output Power (W)

Figure 16. Efficiency curve of the regulator for different output power rates

V. CONCLUSION

In this study, a buck converter-based switch-mode active tracking AC-AC three-phase voltage
regulator is proposed. The proposed regulator has less complexity and a high-efficiency topology
including a moderate number of passive and active components. The developed hybrid control
technique for the regulator control is based on supporting the closed-loop PID controller with the
novel designed feedforward controller and provides efficient active tracking of the reference output
phase voltages according to similar studies in the literature that use only traditional closed-loop
controllers. The proposed hybrid control technique augments the achievement of the output phase
voltages as close as to the sine-wave reference output phase voltages, although the input AC phase
voltages may have high order harmonics. The proposed regulator has also the ability to operate for
balanced/unbalanced wye-connected three-phase loads or independent single-phase loads. The
achieved results of simulation and experimental test studies verify the ability, accuracy, and efficiency
of the proposed switch-mode three-phase buck-type active tracking voltage regulator and can provide
the desired output phase voltages in high quality with under 5% THD levels for various input/output
operation conditions.
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