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Abstract: Recently, many non-conventional three-phase inverters, topologies for green energy source
grid-connection systems, and electric drives have been proposed. Simplifying the inverter circuit
is crucial to analyze and solve their models in order to design them. The main goal of the study is
centered on obtaining a single-phase equivalent circuit and space state model from non-conventional
three-phase inverters based on bidirectional direct current—direct current (DC-DC) Buck-Boost
topology using isolated gate bipolar transistors (IGBT). From just one phase of the three-phase inverter,
the single-phase equivalent circuit was obtained by means of Kirchhoff’s laws. The equivalent circuit
operation steps were presented in order to obtain the space state model. Finally, the equivalent
circuit was simulated, and experimental results with a 200 W three-phase inverter feeding a resistive,
inductive, and capacitive loads were performed to confirm the theoretical and simulation analyses.
The results show the state space dynamic behavior variables of single-phase and three-phase models
are quite similar. Therefore, it can be concluded that the proposed circuit can be used with property
to represent equivalent single-phase models of non-conventional three-phase inverters.

Keywords: three-phase inverter; buck-boost; IGBT; single-phase equivalent model

1. Introduction

Alternating current (AC) voltages generated with amplitudes greater than the input source
voltage are among the basic prerequisites in many applications such as three-phase electric drives,
green energy sources, and uninterruptible power supply (UPS) systems, among others. The single-stage
non-conventional inverters’ topologies research for these applications have been increased lately [1-4].
In most of the cases, analyzing and solving the models are not simple due to the high system order
and complex equations. Then, simplifying the inverter circuit in order to reduce its order model leads
to a computational effort reduction. Consequently, it become more suitable in real-time control system
applications [5].

Among the non-conventional inverters, the direct current-alternating current (DC-AC) topology
based in DC-DC Buck-Boost converters has been noticed due to the possibility to obtain output voltage
higher or lower than the input voltage. The Boost topology is not suitable for this application due to
the fact that it yields an output voltage higher than or equal to the input voltage. In [6], the analysis
of a single-phase inverter was presented based on two DC-DC bi-directional Buck-Boost converters,
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but all analysis was made using the full model of inverter. In [7], a single-phase differential DC-AC
Buck-Boost converter is analyzed, and a novel control technique for variable frequency applications
is proposed.

Usually, the DC-AC Buck-Boost application is focused in PV systems using single-phase inverters,
such as [8-12], without using three-phase topologies due to its complexity. A three-phase Buck-Boost
AC voltage regulator with twelve switches was presented in 2016 [13], and, in [14], simulation results
of a six switch three-phase Buck-Boost inverter with resistive load. However, none of them approached
a simplified model of the inverter for analysis and simulation purposes.

Recently, many topologies using Buck-Boost converters as a DC-AC converter has been increased
such as presented in [15], where it was proposed an inverter with three Buck-Boost converters in
bridge topology. In [16], a bidirectional twisted single-phase single-stage Buck-Boost DC-AC converter
is described for applications with PV arrays or storage batteries, and, in [17], a single-stage isolated
three-phase four-leg inverter has been proposed.

In this paper, the single-phase space state model and equivalent circuit of the non-conventional
three-phase inverter with six IGBTs, based on Buck-Boost topology, is proposed. The full six order
model for a resistive load is presented, and the simplification circuit obtained by reducing the full
model to a simplified second order model, taking one leg of the inverter as reference. The simulations
performed in the PLECS software to compare results of single-phase and three-phase circuit inverters
for a resistive load confirm the advantages of using the simplified model. Finally, a three-phase
200 W buck-boost DC-AC converter prototype with resistive, inductive, and capacitive loads are
implemented in order to obtain experimental results to support simulations and confirm that the
theoretical proposed analyses are in accordance. The results show that the proposed circuit and model
achieve a reliable and accurate solution that can be used to design and represent the dynamic behavior
of a full model inverter in steady state.

2. The Three-Phase Line Voltages

The three-phase Buck-Boost inverter analyzed in this paper is shown in Figure 1. The converter
is based in three bi-directional DC-DC Buck-Boost converters (legs 1, 2, and 3), which are able to
generate three-phase AC voltages whose peak values can be greater or lower than the DC input
voltage in a single stage. If each Buck-Boost converter is controlled to track DC-biased (unipolar)
sinusoidal references that are phase shifted by 120° from one another, the output line voltages will be a
three-phase balanced sinusoidal system.

T,| Legl T3| Leg?2 Ts Leg 3
v v y

e

8 Vc2 (j:CVQ vcs C—

Figure 1. Three-phase Buck-Boost inverter topology.

The capacitors’ voltage references can be written as shown in Equation (1):

vk = Vpe + vk (1)
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The terms Vpc and vy = Vg sin(wt + (1 — k)120°) represent the DC-bias and the sinusoidal
voltage component of capacitors, respectively, where k = 1,2, 3 represents the phase or inverter leg.
The line voltages are given by:

U12 = 0c1 — 0U¢c2
v12 = Vpc +v1 — Vpc — 02

U1 =01 — 02 )
Consequently:

U3 = Uy — U3 3)

031 = 03 — 01 (4)

Based on Equations (2)-(4), these results give rise to the conclusion that vy, v23 and v3; are pure
sinusoidal voltages with no DC-bias.

The Load Phase Voltages

Taking the float N reference, and considering that the three-phase load is balanced, it can be
shown that:

ONG + vck — Unk = 0 ©)
By replacing Equation (1) in (5), it can be obtained:
onG + Vpe + vk — ong = 0 (6)
Expanding the Equations (6) for all three-phases and adding them yields:

3unG +3Vpe + (v1 +v2 4+ v3) — (Un1 + N2 +0N3) =0
3ong +3Vpc+0—-0=0
3ong +3Vpc =0

onG = — Vb ()

Replacing (7) in (6), the load phase voltages can be written by:

UNK = Uk 8)
3. Mathematical Model

3.1. The Three-Phase Model

The non-conventional three-phase inverter space state model shown in Figure 1 is given by
Equation (9). In order to obtain the full model, each leg equation was derived through the determination
of the respective line current in function of the load and capacitors’ voltages. The modeling does not
take into account the non-idealities of the inverter components. This space state representation was
obtained taking into consideration the continuous conduction model of operation and the balanced
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three-phase load, even though this model can be used under unbalanced loads. This application will
not be analyzed in this work since a single-phase model can only be useful for balanced systems.

[0 BEU ¢ 0 0 0 ]
1
C e o -. - Dy
i1 (Dy) _ 2 0 1 0 1 ir1 fll
e C, 3R,C; 3R,C; 3R,C; oer 0
.- (Dy-1) .
A S B 1 S -4 A B
260 0 1 (D) 2 0 1 (/e7) 0 §
; . 3R,Cy Cy 3R,Cy 3R,Cy ; Ds
2 0 0 0 o =L . ks
LVC3] Ly L9c3l | 0 |
0 _1_ 0 1 (1Ds) _ 2
L 3R;C; 3R;C; G 3R5C; |

3.2. The Equivalent Single-Phase Circuit Model

In order to obtain the equivalent single-phase circuit model, one of the inverter legs was taken
as reference. For convenience, the first leg was chosen as shown in Figure 2, where Z represents the
equivalent load of leg 1 equivalent circuit.

. 1 Equivalent
Yo <t> b % lZLl G __) ver z |:| )vz load
e

Figure 2. Leg 1 equivalent circuit.

Taking the Equation (5), the load voltage vz can be obtained in accordance with the
following steps:

Uz = 0cC1 = UN1 — UNG
vz = R-i; — (=Vpc)
vz =R-i1+ Vpc (10)

From Equation (10), it can be concluded that the equivalent load Z can be replaced by a load
resistance in series with a DC source. By doing so, the equivalent single-phase circuit model of single
stage Buck-Boost three-phase inverters can be represented by the electric circuit shown in Figure 3.

Ta 75 T 7 z

T T K
. lZL R )UR <~ Load
46 L 3 C ::DUC

‘/DC <~ DC Source

Figure 3. Single-phase equivalent circuit.

The DC source voltage level does not affect the AC output voltage, since its value is greater than
the peak sinusoidal value of capacitor voltages, in order to avoid negative voltage at capacitors. In this
work, the DC voltage level of capacitors is determined from Equation (11):

Vbe = Vckmin + Vpeak (11)
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The adopted value for v¢y,;, in the simulation and prototype was 0.3V

3.2.1. Steps of Operation

Due to the bi-directional current characteristics in each switch of equivalent circuit model
presented in Figure 3, the converter will operate differently in each half cycle R load voltage, as
shown in Figure 4. In the positive half cycle, only the IGBTt, can conduct when switched and dioder,
can be forward biased. On the other hand, in the negative half cycle, only the IGBTr, can conduct
when switched and the dioder, can be forward biased, as can be seen in Figures 5a and 6a.

14
’; /\
2 07
= \
—1 4 N—
T T T T
0 60 120 180 240 300 360 6(°)
Steps 1 and 2 3 and 4

Figure 4. Steps of operation in each half cycle of R load voltage.
Then, the following operation steps in continuous conduction mode can be for each half cycle:

1.  Positive half cycle:

(a) (b)
Figure 5. Operation steps of equivalent single-phase model in the positive half cycle: (a) Step 1;
(b) Step 2.

Step 1: In this step, only the IBGT of switch T4 is ON, and the switch B is OFF. During this step,

the inductor is charged and the capacitor supplies energy to the resistive load and the V¢ source,
as shown in Figure 5a.

Step 2: In this case, only the diode of switch Tp is ON, and the switch A is OFE. During this step,

the inductor charges the capacitor and supply energy to the resistive load and the Vp¢ source, as
shown in Figure 5b.

2. Negative half cycle:

TA TB L

(a) (b)
Figure 6. Operation steps of equivalent single-phase model in the negative half cycle: (a) Step 3;
(b) Step 4.
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Step 3: In this step, only the diode of switch T4 is ON, and the switch B is OFF. Now, the inductor
supplies energy to the V; source. The Vpc source supplies energy to the resistive load and charges
the capacitor, as shown in Figure 6a.

Step 4: In this case, only the IGBT of switch Tp is ON, and the switch A is OFF. Here, the inductor
is charged from the Vpc source and the capacitor. The resistive load is supplied by Vpc source
also. Figure 6b shows this step.

3.2.2. The Single-Phase Space State Model

As the power converter includes the duty cycle operation, the linear system analysis needs to be
derived according to its operation steps described in the last section for each operation region.

Positive half cycle:

From Figure 5a, analysis of this circuit shows the follow equations:

dip Vg
L& 12
dt L (12)

doc  Vpc oc
@t ~ RC RC (13
vR = v — Vpc (14)

Considering i;, and v¢ as state variables, Equations (12), (13) and (14) can be collected into state
space representation given by

0

==

. 0 0 .
[I.L] = Ly va (15)
[ 1 0 1
C 0 o C 0 o DC
_ i IERE
op=[0 1] ol * o0 —1] Ve (16)
From Figure 5b, it can be written:
diL oc
2L ¢ 17
dt L 17
dUC iL VDC oc
— ==+ == == 18
it ~CTRC RC 18)
UR = U¢ — VDC (19)
Gathering the Equations (17)—(19), the follow state space representation can be obtained:
- 0 —+7r7.: 0
ir L i, Vg
— + 20
Lfc] 1 _ 11 [v% 1| |Vpc 20
C RC RC
_ i IERE
og = [o 1] ol {0 1] Ve 1)
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The average state equations for the positive half cycle can be constructed from Equations (15),
(16), (20), and (21), which will lead to:

. 0 (d_l) , d 0
L= S Vs (22)
uc (1-d) 1| |Pc o L. |Vpbc
C —RC RC
iL Vg
= _— 2
R [o 1] o {0 1] v (23)
Negative half cycle:
From the circuit present in Figure 6a, the following equations can be written:
dip Vg
L8 24
dat L 4)
duvc _ Vpc  vc
zC _ - == 2
dt RC RC 5)
vR = vc — Vpc (26)
In the same way, from Figure 6b, it can be obtained:
diL e
9L @7
doc iy Vpc ©c
it ~CTRC RC 25)
vRr = vc — Vpc (29)

Comparing the obtained equations from operation steps 1 and 2, it can be concluded that these
steps have identical linear equations. The same is observed when comparing steps 3 and 4. This
simplification is only possible because the semiconductors and inverter passive elements non-idealities
were not taken into account.

Since then, the average state equations for the negative and positive half cycles will be the same.
This conclusion rise up the average state equations that describe the equivalent single-phase space
state model can be given by (30) and (31).

- 0 (dzl) . % 0
L= L Vs (30)
oc (-d) _ 1| [P o 1| [Vpc
RC RC
_ i 41Ve
R = [o 1} ol * [0 1} l (31)
From Equation (30), the ideal duty cycle ratio function can be obtained, given by:
d—__ % (32)

(UC + Vg)
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Applying Equation (32) to a single-phase equivalent model, the duty cycle ratio can be expressed as:

Vpe + Vpeak Sin(Wt)

d— :
(VDC + Vpeak sm(wt) -+ Vg)

(33)

The same equation can be applied to each leg of three-phase Buck-Boost inverter. As a result:

g Vbe + Vyeak sin(wt + (1 —k)120°) (34)
“7 (Vpe + Vyear sin(wt + (1 — k)120°) + V)

Equations (33) and (34) were used to obtain the simulation results presented in the next section.

Stationary inductor and capacitor waveforms can be drawn from Equations (12)—(14), (17)—(19),
(24)-(26) and (27)-(29), as shown in Figure 7a,b, respectively:

vL Vg Vg ve

— DT, —|«—(1 — D)T,—| \ A /'\
Avc
e e i N\ N \Z
T,

T, T, «— DI,—~—(1 - D)T.—

Ts

nin t
DI, —=<(1-D)T,~ [ |

(a) (b)
Figure 7. Stationary waveforms of inductors and capacitors: (a) Inductor waveforms; (b) Capacitor
waveforms.

4. Simulation Results

In order to validate the presented theory, simulations were performed in the PLECS software
for three-phase and equivalent single-phase circuits shown in Figures 1 and 3, respectively, working
in open-loop. The results presented here were obtained for the following specifications shown in
Table 1. The schematic circuit simulating a three-phase inverter and its equivalent single-phase circuit
on PLECS are shown in Figures 8 and 9, respectively. The simulation results were obtained for three
load types: R load, RL load, and RC load. The RL case simulated a load transient condition in order to
analyze the behavior of single-phase model under variable loads, in comparison with the full model.

Table 1. Main parameters of the inverter.

Parameter Value
Input voltage 36V
Output phase voltage 28.9 Vims
DC-biased voltage capacitors 53.0V
Output frequency 60 Hz
Switching frequency 20 kHz
Ly, Lyand Lj 85 uH
Cl/ C2 and C3 100 uF
Inductor resistences 34.4 mQ)
IGBT saturation voltage 25V
Diode forward voltage 1.7V

Diode series resistence 50 mQ)
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Figure 8. Single-phase equivalent circuit model PLECS schematic.
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b1 ~—>|> D1

Dla ~—>|>ma 7 X 7 X f;\
Vg o . IGBTD IGBTD1 |: "

D2 ~—>|> D2 =3¢ %
Vg AL " + Load V1

D2a ~——>|> D2a +

D2b ~—>|> D2b L ver
v 03 —>|> 03

Vline RMS 032 ———»> 03 =

X ®
b1 5 \d>[> 2
02 IGBTD6 IGBTD3 L ¢ +
03 2 + Load V2
Duty Cycle N
> L ve2
i2

D3a D3b
Converter
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T
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13 :
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Vi 5
v2 Load
v3

Figure 9. Three-phase inverter PLECS schematic.

The duty-cycle was calculated in accord with Equations (33) and (34) for single-phase and
three-phase models, respectively. Their waveforms are presented in Figure 10.

0.7 1 "'\/r'\\lo - ~‘/."'\/z"\\'\lf - ~‘/."~\,/"\\'- - v
,\ I\ /" '\ I\ /"‘ 7\ f\ /.‘\
064 « ¢+ v v vy [ A Y
\/ \/ (AR \W, Vi \ (AR
Sosd \/ v h \/ Vi !—— Diag
S ) b
0.4 41y JAN— \ N 164)
AN \ AN \ PN 0\ [ Daes
0.31 \7 N 4 '\.'/ N/ = Dian
0 10 20 30 40 50

Figure 10. Duty cycle.
4.1. R Load
In this case, a pure resistive 18() load is simulated. The main three-phase inverter circuit

waveforms in steady state are presented in Figures 11-13. In Table 2, the RMS (root mean square),
average, and peak-to-peak values for the currents and voltages are presented.
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0
11.1 115 11.20 75

10 A

i(A)

i (A)

— L1(19)

101 === i3

0 10 20 30 40 50 0 10 20 30 40 50
t (ms) t (ms)

(a) (b)
Figure 11. Inductor currents for R load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.

96 ‘

12,50 12.75

100
80 A
60 -
40 A
— Vci(1¢)
20 1 - Vc1(3¢)

94

V (V)
V (V)

t (ms)
(@) (b)
Figure 12. Capacitor voltages for R load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.
A1 e e ]
o NARANAANNS
2 I. 20'.8 20'.9 1.0
40 1 40 1 — Vrcao
201 20 === Vrc(3g)
. —= Vier
b E S
N 0 N 0
—20 —20 1
—40 1 —40 A
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t (ms) t(ms)
(a) (b)

Figure 13. Load phase voltages for R load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.

Figure 11a,b show, respectively, the three-phase model inductor currents and the comparison
between the inductor currents of three-phase and single-phase models. Figure 12a,b show the
three-phase model voltage capacitors, and the comparison of three-phase and single-phase models,
respectively. Finally, Figure 13a,b show the three-phase model load phase voltage and the comparison
for single and three-phase models, respectively. The small difference between both models and
the reference is due to the inverter running in open-loop mode and there is no control of the
output voltage inverter. On the other hand, these differences do not invalidate the proposed model.
The calculus approximation can also yield some differences between the final values compared with
the expected values.
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Table 2. RMS (root mean square), average and peak-to-peak values for the simulated currents and

voltages: R load.

Quantity ¥ RMS  Average Peak-to-Peak
VRae)y 2909V 0084V 82.7V
VR (30) 29.12V  0.0025V 829V
Veipey 6119V 53.84V 83.02V
Veige)y 6123V 53.87V 83.21V
e 631A  189A 269 A
111 30) 6.36 A 191 A 273 A

As it can be observed, the inductor currents and capacitor voltages for both models are quite
similar as expected. The instantaneous average output load voltage for both models are very close to
the expected reference waveform as shown in Figure 13b. This proves that the simulations performed
have shown the single-phase model can represent with exactness the dynamic behavior of three-phase

inverters in steady state.

4.2. RL Load

In this scenario, a 12 () resistor in series with a 22.1 mH inductor is simulated, whose impedance
in 60 Hz is about 12 4 j8.26(), with a power factor about 0.82. The main three-phase inverter circuit
waveforms in steady state are presented in Figures 14-17. In Table 3, the RMS (root mean square),
average, and peak-to-peak values for the currents and voltages are presented.

VY

13.00N3.05 13.10 13,25713.20

10

154
10 1

— in-1¢

=== i1-3¢

T

50

20 30 40

t (ms)

@)

0 10

t (ms)

(b)

Figure 14. Inductor currents for RL load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.

— Vci(1¢)
20 A

/\/\/ 801

/ — Va < 601
—- Ve >

——- Ve 40 1

=== Vc1(39)

3'0
t (ms)

20
t (ms)
(b)

(a) Three-phase model; (b) Single-phase and three-phase

()
Figure 15. Capacitor voltages for RL load case:
(leg 1) models.
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—20 1

—40

— VRLa1g)
=== VR
== Vrer

0 10 20 30 40 50
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Figure 16. Load phase voltages for RL load case: (a) Three-phase model; (b) Single-phase and

three-phase (leg 1) models.

| = iras

=== IRL(39)
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@)

50

40 1

20 A

—20

—40

=153ms

._CA‘D{ =34.52¢

0 5 10 15 20
t (ms)

(b)

Figure 17. RL load case: (a) Load phase currents of single-phase and three-phase (leg 1) models; (b)

Load phase voltage and current of the single-phase model.

Table 3. RMS (root mean square), average, and peak-to-peak values for the simulated currents and

voltages: RL load.

Quantity = RMS  Average Peak-to-Peak
VrRL(io) 28.84V  0.063V 823V
VRL(3p) 2888V 0.003V 826V
IrL(10) 2.09 A 0.05 A 592 A
IRL (30) 21A  -0.008 A 5.92 A
Verqey 5031V 5296V 834V
Veizey 5035V 5298V 834V
IL1 (1) 5.96 A 1.38 A 23.8 A
I o) 6.03 A 142 A 242 A

Figure 14a,b show, respectively, the three-phase model inductor currents and the comparison
between the inductor currents of three-phase and single-phase models. Figure 15a,b show the
three-phase model capacitor voltages and the comparison of three-phase and single-phase models,
respectively. Figure 16a,b show the three-phase model load phase voltage and the comparison for single

and three-phase models, respectively. As it can be observed, the inductors’ currents and capacitors

7

voltages are quite similar as expected, as well as for the load phase voltage. Finally, Figure 17a shows
the comparison between load current for both models, and Figure 17b shows the voltage and current

at the RL load, where the shifting between them equal to 34.52° can be observed, confirming that the
power factor expected (cos 34.52° = 0.82).
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4.3. RC Load

In this scenario, a 6 () resistor in series with 235 uF capacitor is simulated, whose impedance
in 60 Hz is about 6 +j11.29 () with a power factor about 0.43. The main three-phase inverter circuit
waveforms in steady state are presented in Figures 18-21. In the Table 4, the RMS (root mean square),
average, and peak-to-peak values for the currents and voltages are presented.

204
104

10.1040.15 1%

20 A 20 1
10 | 10 -
z <

S o .
-10 4 -10 4 — iqs
-== 1139
=20+ T T T T T -201— T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

t (ms) t(ms)
(a) (b)

Figure 18. Inductor currents for RC load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.

12. 12.50 12.75-713.00

100
80 1
60 1
40 A
— Vciae)
20 A —== Vc1(3¢9)

t (ms) t (ms)

V (V)
V (V)

(@) (b)
Figure 19. Capacitor voltages for RC load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.

20 20.8 209 1.0

40
20 4

b 2 0

> > — Vkrcag)
=20 - Vicig)
—40 —= Vrer

(') 1'0 2'0 3'0 40 50 0 10 20 30 40 50
t (ms) t (ms)
(@) (b)

Figure 20. Load phase for RC load case: (a) Three-phase model; (b) Single-phase and three-phase
(leg 1) models.
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40

— irc(19)

=29ms
f‘A‘I>{ = 62.62°

V (V)
(=)
[S)

i(A)

=== Irc(3¢9)
720 p

—40

0 10 20 30 a0 50 0 5 10 15 20
t (ms) t (ms)
(a) (b)
Figure 21. RC load case: (a) Load phase currents of single-phase and three-phase (leg 1) models;
(b) Load phase voltage and current of the single-phase model.

Table 4. RMS (root mean square), average, and peak-to-peak values for the simulated currents and
voltages: RC load.

Quantity RMS Average Peak-to-Peak

Vrcae) 2921V 0.042V 8457V
VRco) 2925V 0.0062 V 84.85V
Ircne) 231A  0025A 6.73 A
Irce)  231A  —0.008 A 6.74 A
Vorne) 608V 5316V 8512V
Veige)y 609V 5318V 85.15V
Iigey 927A  089A 412 A
ey 922A  089A 407 A

Figure 18a,b show, respectively, the three-phase model inductor currents and the comparison
between the inductor currents of three-phase and single-phase models. Figure 19a,b show the
three-phase model voltage capacitors, and the comparison of three-phase and single-phase models,
respectively. Figure 20a,b show the three-phase model load phase voltage, and the comparison for
single and three-phase models, respectively. As it can be observed, the inductors’ currents and
capacitors’ voltages are quite similar as expected, as well as for the load phase voltage. Finally,
Figure 21a shows the comparison between load current for both models, and Figure 21b shows the
voltage and current at RC load. The shifting between them of 62.62° can be observed that confirms the
power factor expected (cos 62.62° = 0.45).

4.4. RL Load with Transient

The series RL load in this case is initially made by a 24.7 () equivalent resistance with a 22.1 mH
inductor, whose impedance in 60 Hz is about 24.7 + j8.26 (). After 100 ms, the resistive part is
decreased by 10 () during 200 ms. Then, the resistive part goes back to its original value. Figure 22
shows the waveforms of RL load current and voltage waveforms, and state variables for single-phase
and three-phase models.

In accordance with Figure 22, the capacitor and load phase voltages remain constant during
this transition. The changing in the load and inductor currents is noticed when the load impedance
changes its value. This behavior is expected, once the electrical current is inversely proportional
to the impedance. The simulations show that with a little change in the load impedance, even the
inverter running in open-loop, there is no disturbance in the output voltage inverter for both models.
This allows for the conclusion that the single-phase proposed model is able to represent the dynamic
behavior of the state variables even in transient loads.
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5. Experimental Results

t (ms)

Figure 22. Waveforms during the transient period.

In order to support the simulation results of the proposed single-phase model, a three-phase
Buck-Boost inverter prototype was performed as shown in Figure 23. The same values as indicated in
Table 1 were implemented at the prototype for all cases analyzed. The duty cycle ratio is calculated at
each step time of 50 ps in accordance with Equation (32).

Figure 23. Prototype with resistive load.
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5.1. R Load

16 of 22

The main experimental results are shown in Figures 24a,b and 25a,b in which the system operates
under constant 18 Q) resistive load. Table 5 shows the electrical quantities for the simulated single-phase

and three-phase prototype.
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Figure 24. Experimental inductor waveforms for R load case: (a) Inductor currents (25A/V); (b) Details

of inductor currents (25A/V).
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Figure 25. Experimental waveforms of capacitor and load phase voltages for R load case: (a) Capacitor

voltages; (b) Load phase voltages.

Table 5. Comparisons between simulated results of single-phase model with experimental results of

three-phase model: R load.

Quantity Simulated Experimental | Error |
Single-Phase Model = Three-Phase Model

v RMS 29.09V 287V 1.35%
R Peak-to-peak 827V 848V 2.47%
v RMS 61.19V 60.7V 0.81%
€l Peak-to-peak 83.02V 824V 0.75%
I RMS 6.31 A 612 A 3.10%
L1 peak-to-peak 26.9 A 26.25 A 2.47%




Electronics 2020, 9, 744 17 of 22

The practical results validate the proposed single-phase equivalent circuit and space state model.
In accordance with Table 5, the simulated and experimental results are quite similar. Small differences
are expected due to the model not taking into account some non idealities, such as resistances
and parasitic inductances present in a real circuit, as well as switching noises that can cause some
voltage/current sparks in the waveforms. The maximum static gain obtained (UCV%) was 2.67.

5.2. RL Load

In this case, an identical RL used in simulations presented in Section 4.2 is fed by inverter.
The main experimental results are shown in Figures 26-28 in which the system operates under
constant load. Table 6 shows the electrical quantities for simulated single-phase and experimental
three-phase prototype.

Tek i ® Stop M Pos: 23.00ms MEASURE  Tek S @ Stop M Pos: 0,000s MEASURE
v
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ir1 ir1
A ) k2 %) RMS
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CH3 200mY 16-Apr-20 01:44 CH3 200mY 16-Apr-20 01:43
(@) (b)

Figure 26. Experimental inductor waveforms for RL load case: (a) Inductor currents (25A/V);
(b) Details of inductor currents (25A/V).
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(a) (b)

Figure 27. Experimental waveforms of capacitor and load phase voltages for RL load case: (a) Capacitor
voltages; (b) Load phase voltages.

These experimental results are in compliance with the simulations performed in Section 4.2.
In accordance with Table 6, the simulated and experimental results for RL load are quite similar.
It leads to the conclusion that the single-phase model can represent the dynamic behavior of three-phase
models under inductive balanced loads with precision.
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Figure 28. Load voltage and current for phase 1: RL load.

Table 6. Comparison between simulated results of a single-phase model with experimental results of
the three-phase model: RL load.

Quantity Simulated Experimental | Error |
Single-Phase Model = Three-Phase Model

v RMS 28.84 V 28.6 V 0.83%
RL " peak-to-peak 823V 820V 0.36%
| RMS 2.09 A 214 A 2.33%
RL Peak-to-peak 592 A 6.0 A 1.33%
v RMS 50.31V 514V 2.10%
€l Peak-to-peak 83.4V 84.8V 1.65%
. RMS 5.96 A 6.0 A 0.66%
L1 peak-to-peak 23.8 A 244 A 0.25%

5.3. RC Load

In this scenario, an identical RC used in simulations presented in Section 4.3 is fed by inverter. The
main experimental results are shown in Figures 29-31 in which the system operates under a constant
load. Table 7 shows the electrical quantities for the simulated single-phase and three-phase prototype.
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(a) (b)

Figure 29. Experimental inductor waveforms for RC load case: (a) Inductor currents (25A/V);
(b) Details of inductor currents (25A/V).
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Figure 30. Experimental waveforms of capacitor and load phase voltages for RC load case: (a) Capacitor
voltages; (b) Load phase voltages.
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Figure 31. Load voltage and current for phase 1: RC load.

Table 7. Comparison between simulated results of single-phase model with experimental results of a
three-phase model: RC load.

Quantity Simulated Experimental | Error |
Single-Phase Model = Three-Phase Model

Vv, RMS 29.21V 28.6 V 2.13%
RC " Peak-to-peak 84.57 V 820V 3.13%
I RMS 231A 214 A 7.9%
RC Peak-to-peak 6.73 A 6.0A 12.7%
v RMS 608V 634V 41%
€l Peak-to-peak 8512V 83.2V 2.3%
I RMS 9.27 A 975 A 4.92%
L1 peak-to-peak 392 A 36.5 A 7.39%

In this case, taking the values shown in Table 7, small differences can be observed between the
simulated single-phase model and experimental results of the inverter. These differences are due to
the capacitors used in the load are electrolytic capacitors. These type of capacitors have large leaking
currents, which can cause some variations in capacitance values. These facts do not invalidate the
proposed model.
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5.4. RL Transition Load

The series RL load used in this experimental case has the same parameters described in Section 4.4.
Initially, it was made by a 24.7 () equivalent resistance with a 22.1 mH inductor. In the first transition,
the resistive part of the RL load was decreased by 10 (). The waveforms of RL load phase voltages and
currents in the first transition are shown in Figures 32a and 33a. The waveforms for inductor currents
and capacitors voltages are shown in Figures 34a and 35a, respectively. In the second transition, the
resistive part of the RL load backs the original value. The waveforms for load phase voltage and
current, inductor currents, and capacitor voltages for the second transition are shown in Figures 32b,
33b, 34b and 35b.
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@) (b)

Figure 32. Experimental load phase voltages for RL transition load case: (a) First transition; (b) Second
transition.
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Figure 33. Experimental load phase currents for RL transition load case: (a) First transition; (b) Second
transition.

Several different situations were performed in order to compare the single-phase model
simulations with the real three-phase inverter. The experimental results are in compliance with
simulation results presented in Section 4.4, and validate the applicability of the single-phase model to
represent the full model inverter in steady state. Furthermore, it can be useful to design and calculate
the inductance and capacitance of inverter inductors and capacitors.
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Figure 34. Experimental capacitor voltages for RL transition load: (a) First transition; (b) Second
transition.
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Figure 35. Experimental Inductor currents for RL transition load: (a) First transition; (b) Second
transition.

6. Conclusions

This work has presented an equivalent single-phase circuit of a three-phase Buck-Boost inverter
with balanced load for analysis and modeling purposes. In order to confirm the study results, a
200 W three-phase inverter prototype with several types of output load was implemented. The
behavior in steady state of the simulated single-phase proposed model demonstrated that it can be
used with property in order to obtain previous simulated results of the three-phase Buck-Boost inverter.
The simulated and experimental results show clearly that the single-phase equivalent circuit can
represent each leg of the three-phase Buck-Boost inverter model with exactness. Furthermore, its
simulation demands less computer effort than the three-phase model. Thus, it is useful for a design of
the inverter, predictive control strategy, or other techniques that are crucial for solving the model.
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