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Abstract: In this paper, a solution is proposed to the problem of the unequal phase imbalance of output
voltage caused by a three-phase, four-wire, split capacitor inverter when the load is unbalanced. First,
the triple-loop control strategy was used to solve the unequal amplitude problem. This method used
the feedforward + feedback composite control strategy on the inductor current inner-loop and voltage
mid-loop to decrease the disturbance of the power and load. And the Root Mean Square (RMS) of
voltage on the outer-loop completed the control of amplitude for the three-phase voltage. Second,
to solve the imbalanced phase problem, the imbalance operation mechanism of the three-phase
four-wire inverter was analyzed. It is known from the analysis that the phase imbalance is related
to the DC-side splitting capacitance. The function relations between the DC-side capacitance and
phase angle between each phase was simulated by MATLAB. But, it was too complicated to calculate
the magnitude of the capacitance value through the functional relationship. In order to simplify the
design of the DC-side splitting capacitor, the relations among the imbalanced current, the voltage
fluctuations of the DC-side capacitor and the harmonics of load voltage were analyzed. In addition,
by following the requirement of the national standard about the harmonics of load voltage, a DC-side
capacitor design was mentioned to decrease the influence of imbalanced phase. Finally, simulation
and experimental results show that the three-phase load voltage is stable, the THD value is less
than 3%, and three-phase voltage unbalance is less than 2%, thus verifying the effectiveness of the
proposed DC-side split capacitor design and control strategy.

Keywords: DC-side capacitor design; three-closed-loop control; three-phase four-wire inverter;
unbalanced loads; function fitting

1. Introduction

Traditional three-phase, three-wire inverters can cause undervoltage or overvoltage in
one phase when carrying unbalanced loads [1-3]. To improve the output voltage balance of
three-phase inverters with unbalanced loads, the main methods used in the literature can
be divided into the following four categories: combined three-phase inverters, three-phase
four-bridge arm inverters, D/Y transformers on the inverter and load side and split-
capacitor, three-phase, four-wire inverters. Three-phase, four-wire split-capacitor inverters
can also be widely used in grid-connected systems for power quality improvement [4-6].
Literature [4] proposes a current-feedback-based impedance shaping strategy to suppress
the high-frequency resonance caused by the split-sequence control. Literature [5] analyses
the three-phase four-wire split-capacitor inverter and three-phase four-bridge-arm inverter
and also presents several cases of small-signal instability caused by the positive sequence,
negative sequence or zero sequence. Literature [6] proposes an impedance shaping method
based on complex filters and combined differential elements to improve the stability of grid-
connected systems. But the above-mentioned literature does not give a method of selecting
the splitting capacitor on the DC-side. Literature [7,8] proposes a combined three-phase
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inverter with a circuit using three independent H-bridges so that the inter-phase circuits are
independent of each other, with sigmoid P-f sag control in literature [7] and split-sequence
and repetitive control in literature [8]. Literature [9,10] proposes a three-phase four-bridge
arm inverter with the neutral point of the three-phase load connected to the mid-point of
the fourth bridge arm as a means of controlling unbalanced currents; literature [9] uses an
improved positive-sequence, negative-sequence and zero-sequence independent control
strategy that is applicable to the three-phase four-bridge arm, and literature [10] proposes a
control specific to the three-phase four-bridge arm. Literature [11,12] proposes the insertion
of a D/Y transformer between the conventional three-phase, three-wire inverter and the
load to achieve electrical isolation between the input and output. Literature [11] controls
the positive and negative sequence components of the voltage, while literature [12] uses
split-phase control. All of the above-mentioned control methods achieved good control
results, but their circuit structures are relatively complex. Literature [13-15] proposes split-
capacitor three-phase four-wire inverters, where the neutral point of the three-phase load
is connected to the mid-point of the DC-side capacitor to provide a path for the unbalanced
current. Literature [13] uses a DSTATCOM control method based on a dual-loop controller.
Literature [14] compensates for negative and zero sequence currents, and literature [15]
uses split-sequence sag control. The above control enables the inverter to output a three-
phase-balanced voltage. In the above references, the circuit structure used is simple, but
the modelling and analysis of the control method is relatively cumbersome, and none of
them analyses the value of the capacitance of the DC-side division.

In this paper, a split capacitor three-phase four-wire inverter is used. The appropriate
DC-side capacitance is selected by means of calculation and analysis. And the use of a
feedforward + feedback + RMS three-closed-loop composite control strategy means that the
output voltage meets national standards. The effectiveness of this method has been verified
through simulation and experimentation. The circuit structure is simple, the cost is low, the
control method is simple, and the system requirements can be met at the same time.

2. Three-Closed-Loop Control of an Unbalanced Three-Phase Four-Wire Inverter
2.1. Control Principle of a Three-Phase Four-Wire Inverter

The split-capacitor three-phase, four-wire inverter circuit is shown in Figure 1, and the
control principle is shown in Figure 2. The voltage outer loop is operated by collecting the
three-phase voltages for RMS values and then making a difference with the target value
for Pl regulation and multiplying the regulated output with the unit sine wave sin wt to
obtain the instantaneous command voltages u,, u}, and u., which are transformed by abc-dq
coordinates to generate u*4 and u*q. Then, voltage loop PI regulation and feedforward
decoupling generate the command currents i*q;, and i* gL for the current’s inner loop. The
difference between the commanded current and the coordinate transformed actual currents
iqr and iqp for the PI regulation of the current inner loop and feedforward decoupling
generates u,q and u,q. Finally, the SPWM technique is used to generate PWM waves to
complete the control of the three-phase, four-wire inverter, three-closed-loop system [16].

lie —>»

VT, VL VT
J J AL 7.
= la L
-

Figure 1. Split-capacitor three-phase four-wire inverter circuit.
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Figure 2. Three-closed-loop control block diagram.

2.2. Modelling of Three-Phase Four-Wire Inverter

The main circuit of a three-phase, four-wire inverter using an LC filter circuit is shown
in Figure 1. I, i,p and i., are the currents flowing through the filter inductor; 71, irp
and if . are the currents flowing through the load; ic, iy, and i. are the currents flowing
through the filter capacitor, and idc is the DC-side current.

The voltage of the filter inductor is transformed by the abc—dg coordinates as follows:

di .
L=t = Kpwmtird — tiq + wLigL

digr, .
Ldii‘ = KPWM”rq —Uq— szdL (1)

di
L=+ = Kpwmtro — Uo

In Equation (1), Kpw is the gain of the SPWM modulation in the frequency domain,
and u,4 and uq are the modulating wave voltages converted to the dq coordinate system.
Similarly, the current in the filter capacitor is transformed by the abc—dg coordinates
as follows: 4
C% = idL - iLd + wCuq
C% = iqL - iLq — wCud (2)

du . .
CTtO = 1oL — 1o — wCuo

2.3. Control Analysis of Three-Phase Four-Wire Inverters
2.3.1. Current Loop Control

It is assumed that the system’s voltage gain (the ratio of the voltage Hall) is K;, and
the current gain (the ratio of the current Hall) is K ;. According to Equation (1), the d-axis
current control block diagram is shown in Figure 3. A feedforward signal wLiqL* / KLiKpwm
is added to eliminate the current coupling between the d and q axes. The addition of another
feedforward control signal u4*/KyKpww is used to eliminate voltage disturbances to the
current circuit. The current’s compensation link can be designed using the P, PI or PI + LPF
(low-pass filter) design; this study used the design PI + LPF (low-pass filter) method
for analysis.
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Figure 3. The current loop d-axis control block diagram.

s+ p,

Similarly, according to Equation (1), the g-axis current control block diagram is shown
in Figure 4.

L
A

Figure 4. Current loop g-axis control block diagram.

Open Loop Transfer Function of the Current Loop

The open loop transfer function of the current loop system as follows:

kip(s + zi) KpwmKii  pi
s Ls s+p;

Gi(s) = 3)

In Equation (3), p; is the pole value of the low-pass filter, z; is the zero value of the PI

controller, and kip is the scaling factor of the current inner loop.
pi

s+pi

for adding a low-pass filter to the current output’s feedback is to suppress the interference

of the switching signals.

is the transfer function of the low-pass filter, where p; = 27f;,. The main reason

Selection of the Zero Pole of the Compensation Link in the Current Link

It is known from the principle of automatic control that, in order to meet the steady-
state requirements of the system, the gain in the low frequency band of the Porter diagram
should be sufficiently large after compensation. To ensure a suitable phase angle margin,
the slope of the mid-band gain is usually taken to be —20 dB/dec. To suppress high-
frequency interference signals, the slope of the high-band gain is —20dB/dec. Therefore,
the selection of the zero pole of the transfer function of the compensation link is crucial.

The compensated crossing frequency value is set as fi. = (1/8~1/10) fs, based on
experience. Zero frequency is fi, = fic/3. The pole frequency of the filter link is fi, = fs/2,
where f5 is the switching frequency.

Calculation of Current Loop Compensation Link Parameters

The scale factor ki, of the current loop can be derived from the amplitude of the
compensated transfer function at the crossing frequency f;. as one. The integration factor
kij is derived from 27t f;, = kii/kip.

2.3.2. Voltage Loop Control

According to Equation (2), the voltage loop control block diagram is shown in Figures 5
and 6. Assuming that the response bandwidth of the current loop is greater than or equal to
four times the response bandwidth of the voltage loop, the current loop can be considered a
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proportional link with a gain of one when analyzing the voltage loop [17]. The voltage loop
control, like the current loop control, is in the form of feedforward + feedback. The collected
load current is added to the command current as a way of eliminating the interference of
the load current to the voltage loop. wCu*q/Ky and wCu*4/Ky are added to eliminate the
current (wCug and wCuq) interference of the filter capacitor.

Figure 6. Voltage loop g-axis control block diagram.

Open Loop Transfer Function of the Voltage Loop

According to Figures 5 and 6, the open-loop transfer function of the voltage loop
designed with PI + LPF is as follows:

kup(s+zu) 1 Ku  pu
S KLi Cs S+pu

Gu (S) = (4)
In Equation (4), py is the pole value of the filter link, z, is the zero value of the PI
regulation, and kyp is the scale factor of the current loop.
As with the current inner loop, sf:‘;u is the transfer function of the low-pass filter,
where py, =27 fup. This has the same main function as the low-pass filter in the current
loop, both of which are designed to eliminate interference from switching signals.

Selection of the Zero Pole of the Compensation Link in the Voltage Link

The selection of the zero pole of the voltage outer loop compensation link is similar to
the selection of the zero pole of the current inner loop compensation link. When selecting
the value of the zero pole of the outer voltage loop compensation link, the value of the zero
pole of the inner current loop is used as a reference.

To meet the requirements for the amplitude and phase margin, the compensated
crossing frequency fuc = fic/4, the zero frequency fu, = fuc/3, and the filter link pole
frequency fup = 2fuc can be set.

Calculation of Voltage Loop Compensation Link Parameters

The scale factor kyp of the voltage loop can be derived from the amplitude of the
compensated transfer function at the crossing frequency f . as one. The integration factor
kyi is derived from 27t fu, = kui/kup-
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2.3.3. Voltage RMS Outer Loop Control

To ensure that the output of the inverter has good voltage regulation and that the load
voltage amplitude remains in balance when the three-phase load is unbalanced, the RMS
control loop can be added to the voltage loop, as shown in Figure 7. The collected three-
phase voltages are subjected to an RMS calculation to obtain u#ms and then compared with
the reference value of the RMS value ums*. After PI adjustment, the amplitude correction
signal upy, is generated. up, is then multiplied by the unit sine wave sin wt to obtain the
three-phase instantaneous command voltages, which are transformed by coordinates to
obtain the command voltages uq* and uq*.

u sin wt

* ud*
urms -+ ku (S + Zu) »
4}@)1’— abc - dgq }

_ N “q*
u

RMS H uabcn

Figure 7. Voltage RMS outer loop control block diagram.

3. DC-Side Capacitance Analysis
3.1. Effect of DC-Side Capacitance on Phase between Phases

Simulation software was used to simulate the split-capacitor three-phase four-wire
inverter. An analysis of the experimental results shows that the three-closed-loop control
keeps the amplitude of the three-phase output voltage stable, and the variation in the
capacitance on the DC-side causes deviations between phases. Through the Cftool toolbox
in MATLAB 2019B, the capacitance of the DC-side capacitor and the phase of the output
voltage are fitted as a function, and thus, the DC-side capacitance is obtained as a function
of the phase between each phase, using the parameters in Table 1 for simulation.

Table 1. Simulation model parameters.

Parameters Value

DC-side voltage U4 300V

Load phase voltage Uan, Up, and Uen (85) 120 V

Filter inductance L 2mH

Filter capacitor C 10 uF
Three-phase load R, Ry, and Rc 100,200,100
Load voltage frequency f 50 Hz

After fitting, it can be obtained that the DC-side capacitance is related to the phase of
phase AB, as shown in Equation (5), and its function curve is shown in Figure 8.

114.2x3 4+ 119000x? + 850.3x + 48.95

Fap(¥) = = 57 7932 + 21150x — 5232

0 500 1000 1500 2000 2500 3000
C (uF)

©)

=
w
o

-
N
o

Phase A and phase B
phase difference
X
331

Figure 8. Phase function curve between the DC-side capacitance and AB phase.
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The DC-side capacitance is related to the phase between the BC phases as a function
of Equation (6), and its function curve is shown in Figure 9.

_125.2x% + 5005x* + 167.6x + 2.393

fc(x) = x3 + 214.5x2 — 12550x — 129.5 ©
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Figure 9. Phase function curve between the DC-side capacitance and BC phase.

The DC-side capacitance is related to the phase between the CA phases as a function
of Equation (7), and its function curve is shown in Figure 10.

117.8x3 — 12810x2 — 11.21x — 2.238
x3 — 153.7x2 4 4672x + 474.9
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Figure 10. Phase function curve between the DC-side capacitance and CA phase.

The DC-side capacitance can be designed according to the fitted function curve, and
the DC-side capacitance can be selected to meet the system requirements. The calculated
capacitance values on the DC-side obtained by this method do not differ significantly
from those obtained using the method mentioned below. However, this design method
is tedious, computationally intensive and has limitations. In order to obtain the size of
the DC-side capacitance more easily, the following DC-side capacitance design method
is proposed.

3.2. Effect of DC Voltage Fluctuations on Load Voltage

Due to the presence of the midline, when the three-phase load is unbalanced, the
unbalanced current charges and discharges the DC-side capacitor, which, in turn, causes
fluctuations in the DC-side capacitance voltage [18,19], which can be expressed as follows:

u
Uep = =5+ uc
Uge ®)
U = =5 —u,

In Equation (8), u, is the AC component of the capacitive voltage on the DC-side
caused by the midline current, which lags the midline current by 90° in the phase, and in
order not to lose generality the following is set:

e = Uem cos(wt + @) )
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Uem is the amplitude of the capacitive voltage fluctuation on the DC-side, using
SPWM control and assuming a modulation system of m. The duty cycle can be expressed
as follows:

D(wt) = m - sin(wt) (10)

Due to the fluctuation in the capacitor voltage on the DC-side, combined with Equa-
tion (8), the output load phase voltage can be expressed as follows:

o (t) = (uzdc +ud) - D(wt) (11)

The three-phase load phase voltage can be expressed as follows:

Uan = [% + Uem cos(wt + @)] - m - sin(wt)
Upn = [% + Ucm cos(wt + )] - m - sin(wt — 120°) (12)

Uen = [uz“‘C + Uem cos(wt + @)] - m - sin(wt + 120°)

Transforming the above equation further provides the following:

Ugn = uiic msin(wt) + 5 Uem sin(2wt + ¢) — ZUcm sin ¢
iy = e m sin(wt — 120°) + 2 Uepy sin (2wt + @ — 120°) — ZUqp sin(g +120°)  (13)
Uen = ufcm sin(wt 4-120°) + % Uem sin (2wt + ¢ + 120°) — 5 Uem sin(¢ — 120°)

In Equation (13), the first term is the positive sequence’s fundamental component, the
second term is the second harmonic, and the third term is the DC component. In a three-
phase, four-wire inverter, unbalanced currents caused by unbalanced loads flow through
the center line, resulting in fluctuations in the capacitance voltage on the DC-side. The
DC-side capacitor experiences voltage fluctuations, which, in turn, cause second harmonics
and DC components in the load voltage, so the DC-side capacitor design directly affects
the system’s performance and phase imbalance. Usually, the larger the capacitance, the
smaller the voltage fluctuation. In order to effectively suppress voltage fluctuations, the
capacitance value can be sized according to the requirements of the voltage fluctuations
of the capacitor on the DC-side. And the magnitude of the DC-side’s capacitance voltage
fluctuation is related to the unbalanced current.

3.3. Effect of Unbalanced Current on Voltage Fluctuations in the DC-Side Capacitor
For the three-phase, four-wire inverter, when considering the effect of the unbalanced

current I on the DC-side capacitor voltage, the DC-side voltage Ug. can be considered to
be inactive, and the equivalent circuit of the system is shown in Figure 11.

+

IOTQ — — 'c

C C

Figure 11. Equivalent circuit diagram when charging and discharging a capacitor with an unbal-
anced current.
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Let the three-phase unbalanced currents be represented by I,, I, and I, then the
midline currents as follows: . ‘ . .

Neglecting the higher harmonics and DC components of the system and considering
only the fundamental components, the capacitor voltage amplitude is as follows:

v,
- 2wC

Uem (15)

In Equation (15), I, is the amplitude of the unbalanced current.

3.4. Determination of DC-Side Capacitance

According to the requirements of the national standard GB/T14549-1993 for harmonics
in the load voltage (even harmonic content rate of 2%) and Formula (13), we can obtain
the following:

Uem , Uge Uem
g g < 0,
TRU; = m > / > m Uy < 2% (16)
Uem = Uy, - 0.02 (17)

According to the maximum unbalance of the system, the current Io in the center line
can be obtained according to Equation (14). Combining Equations (15) and (17), the value
of the capacitance on the DC-side is as follows:

cs V2 V2k
= 2wlen  2wlye -0.02

(18)

4. Simulation and Experimental Validation

To verify the correctness of the design of the DC-side capacitance and the effective-
ness of the three-closed-loop control when the load of a three-phase four-wire inverter is
unbalanced, a MATLAB/Simulink model was built for simulation and analysis. The model
was built according to the parameters in Table 1, and the loads were adjusted to R, = 30 2,
Ry, =20 () and R = 15 Q) for verification. The higher harmonics and DC components of the
voltage content were ignored in the calculation of the unbalanced current, and only the
fundamental component was considered. Also, according to Equation (16), the amplitude
of the DC-side capacitance voltage fluctuation was selected in accordance with the critical
value of the national standard. In order to be better than the critical values specified in
the national standard, the actual values were, therefore, taken to be approximately 1 to
1.2 times the theoretical calculated values.

The unbalanced current was calculated to be I, = 2.5 A. According to the splitting
capacitance selection method proposed in this paper, after calculation, it is known that
the splitting capacitance on the DC-side was C = 919 pF. When the DC-side capacitance
was taken to be 500 pF (less than 919 pF), the load voltage waveforms of the system from
startup to stabilization and from load fluctuation to stabilization are shown in Figure 12.
From the graph it can be seen that the phase deviation was large.

When the DC-side capacitance was taken to be 919 uF, the load voltage waveforms
of the system from startup to stabilization and from load fluctuation to stabilization are
shown in Figure 13. From the graph it can be seen that the phase deviation was small.
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Through the above simulation experiments, it can be shown that the three closed-
loop control strategy effectively ensures the stability of the load voltage, and the DC-

side capacitance selection method proposed in this paper can effectively suppress the
phase error.

Within 0-0.04, the time from system start-up to stabilization, and at 0.12 s, the load
voltage changed and Ry, changed. from 20 () to 40 (), and, in one cycle, the system stabilized.
According to the parameters in Table 1, the experimental prototype was built, the
size of the load was changed, and the load voltage waveform, THD value and voltage
unbalance ¢ (%) were observed.
When the three-phase load was balanced (Ra = R}, = Rc = 20 Q)) and the system was
stabilized, the load power was 1084 W; at this time, the load voltage waveform and THD
value are shown in Figure 14, and the voltage unbalance is shown in Figure 15.
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Figure 14. Voltage waveform and THD value when the load is balanced.
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Figure 15. Voltage unbalance when the load is balanced.

Case 1: The three-phase load was adjusted to R, = 30 (), R, = 20 QO, R, = 15 ();
at this time, the load power was 1082 W, the unbalanced current was calculated to be
I, =25 A, the DC-side capacitance was C = 919 pF and the nominal value was taken as
1100 pF capacitance. The difference between nominal and actual values should be noted in
the experiment. The load voltage waveform and THD values after system stabilization are
shown in Figure 16, and the voltage unbalance is shown in Figure 17.

Case 2: The three-phase load was adjusted to R, = 10 Q), R, = 20 O, R = 10 ();
at this time, the load power was 1806 W, the unbalanced current was calculated to be
I, =42 A, the DC-side capacitance was C = 1592 pF, and the nominal value was taken as
1100 pF capacitance (connected to 1000 pF with two 450 pF in parallel). The load voltage
waveform and THD values after system stabilization are shown in Figure 18, and the
voltage unbalance is shown in Figure 19.

Case 3: The three-phase load was adjusted to R, =30 2, R, =20 (), Rc =10 (); at this
time, the load power was 1324 W, the unbalanced current was calculated to be I, =5.1 A,
the DC-side capacitance was C = 1912.5 uF, and the nominal value was taken as 2200 uF
capacitance. The load voltage waveform and THD values after system stabilization are
shown in Figure 20, and the voltage unbalance is shown in Figure 21.
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Figure 16. Case 1: load voltage waveform and THD value.
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Figure 17. Case 1: voltage unbalanced.
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Figure 18. Case 2: load voltage waveform and THD value.
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Figure 19. Case 2: voltage unbalanced.
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Figure 20. Case 3: load voltage waveform and THD value.
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Figure 21. Case 3: voltage unbalanced.

Through the above four sets of experiments, it can be seen that the three closed-loop
control strategy can ensure that the amplitude of the three-phase load voltage is equal; at
the same time, according to the Chinese national standard for the second harmonic content
of the requirements of the DC-side of the splitting capacitance, it can effectively inhibit the
phase imbalance, and ultimately guarantee to ensure that the output of the three-phase
load voltage imbalance degree is less than 2%.

Literature [19] suggests that as the current periodically charges and discharges the
split capacitor on the DC-side, causing the split capacitor to be unbalanced, this, in turn,
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affects the output voltage waveform. From the analysis it was obtained that the amount of
voltage deviation after stabilization of the system is as follows:

v
T wAU

cos 0 (19)

In Equation (19), AU is the amount of split capacitor voltage deviation and I cos 0
is the magnitude of the charge/discharge current. Since a reasonable range of voltage
fluctuations for the DC-side splitting capacitor is not given, the selected capacitor may not
satisfy the system’s need for phase rejection.

The simulation and experimental results show that, according to the method pro-
posed in this paper, the voltage unbalance meets the requirements of the national standard
GB/T 15543-2008 when the load is unbalanced, and in practical applications, the capacitor
selection leaves a certain margin. The above experiments were all conducted on the experi-
mental prototype shown in Figure 22, which included a DC power supply, a three-phase
bridge, an LC filter circuit, a voltage—current Hall, a digital signal processor TMS320F28335,
a TPS2014B oscilloscope to observe the load voltage waveform, and a UT285A three-phase
power quality analyzer to observe the voltage unbalance.

Voltage Hall and

s Inverter -~ lont Hall

TMS320F bridges _

= adjustable resistance |

Figure 22. Experimental prototype.

5. Conclusions

In this paper, a feedforward + feedback + RMS triple-closed-loop composite control
strategy and compensation correction network were designed. The influence of the DC
voltage fluctuation on the load voltage was studied. Furthermore, the relationship between
the load current unbalance and DC-side capacitance voltage fluctuation was analyzed. A
design method for DC-side capacitance was proposed. The simulation and experimental
results show that the three-phase, four-wire inverter with triple-closed-loop composite
control is able to keep the output three-phase voltage balanced and the THD value less
than 3% when the load is unbalanced, which meets the national standard. Simulation and
experimental results verify the effectiveness of the control method and the correctness of
the capacitor design. A reference is provided for the control and DC-side capacitor design
of the three-phase four-wire inverter circuit.
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