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Abstract: Unbalanced loads are extremely prevalent in real systems, and they create power quality
issues for the UPS system. To address this problem, this work provides an optimal voltage control
scheme for a three-phase inverter using the linear matrix inequality method. In addition, the pur-
pose of this controller is to provide a well-balanced three-phase sinusoidal voltage regardless of
the imbalance of the loads. This symmetrical component-based controller features two paralleled
voltage controls: a positive sequence to regulate output signals and a negative sequence to elimi-
nate unbalanced voltages. Along with that, the optimization problem is formulated such that the
convergence rate is maximized to obtain the output voltage as swiftly as possible. PSIM is used to
carry out the simulation, and MATLAB is utilized to assist in determining the optimal control gain
for the state feedback and integral control of each sequence. The control algorithm is then deployed
utilizing an in-house designed control board together with a TMS320F28335 digital signal processor.
To determine the efficacy of the proposed control, simulation, and experiment results are compared

to those of an optimal controller without a negative sequence.
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Optimal Voltage Control of a
Three-Phase UPS Inverter under

Unbalanced Loads. Eng. Proc. 2023, 1. Introduction
56,87. https://doi.org/10.3390/ The purpose of UPS inverters is to safeguard vital equipment and appliances from
ASEC2023-15365 the negative effects of power outages by maintaining a constant power supply to them.

To ensure that the voltage quality is well regulated, a lot of research has been conducted,
such as reducing the output voltage distortion [1], improving transient performance [2—4],
and increasing robustness [5,6]. However, the above-mentioned methods have not taken

the unbalanced load conditions into account. When the voltage levels in each phase of
a three-phase system are unequal, unbalanced three-phase voltage issues occur. This
imbalance can also be caused by a variety of factors, including unequal loads, defective
equipment, and distribution system problems. In such instances, the voltage magnitude
This article is an open access article ~ and phase angles vary between the phases, which may cause operational issues with
distributed under the terms and  e€lectrical devices and equipment. To address this problem, this paper presents a systematic
conditions of the Creative Commons ~ control design with optimal gain computation to provide fast output performance and a
Attribution (CC BY) license (https:// ~ Well-balanced three-phase voltage even under unequal load conditions. The controller is
creativecommons.org/licenses /by / based on dual-voltage control for positive and negative sequences with the purpose of
40/). regulating the output signals and eliminating unbalanced voltage, respectively. The process
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of gain computation is based on previous work [7] using LMI-based optimization to achieve
fast transient performance. The control algorithm is implemented on TMS320F28335 for
the inverter prototype at a sampling frequency of 10 kHz. Finally, the simulation and
experimentation are discussed with the comparison of the controller without the negative
sequence compensator to verify the control performance.

2. Inverter Modeling under Unbalanced Loads

Generally, three-phase unbalanced signals can be split into three sequences: positive,
negative, and zero sequences [8]. The proposed three-wire inverter, however, is without
the zero-sequence due to the lack of the floating point. As a result, the unbalanced voltage
and current can be rewritten as the following using the two sequences:

Vabe = vac + VZ;,,; 1)
iabc = ighc + igbc (2)

The positive with superscript p and negative sequence 1 voltage can be defined using
Ve as follows [9]:

vk 1 ¢ ¢*] [va o! 1 ¢ ¢][va

P 14 1 2 n n 1 2

Vipe = v% =3 = 1 ¢ | |vp| and vy, = |vp| = 3 ¢ 1 ¢ | |vp 3)
v ¢ ¢ 1] v v} ¢* ¢ 1] |[vc

where ¢ and ¢? are 120° and 240° phase-shifting operator, respectively. However, the
implementation of these phase-shifting operators is practically challenging. Therefore, the
use of all-pass filters is employed as a 90° phase-shifter associated with j instead [10,11]
since ¢ = —1/2+ j\/§/2 and (,DZ = -1/2 - j\/§/2. Then, the positive and negative
sequence in can be rewritten as

[oh] (1 —1/2 =1/2] [v,] 1 o 1 =17 [v,]
ngc: UZ = |-1/2 1 —1/2| {vp +j2\/§ -1 0 1 Uy 4)
Ed -1/2 -1/2 1 | |o] |1 -1 0] o]

EA T 1 —1/2 —1/2] [v,] 1 T0 1 =17 [v,]
vac: ‘UZ = |-1/2 1 —-1/2 Uy —]m -1 0 1 Up (5)
FA —1/2 —-1/2 1 | |v] |1 -1 0] o]

The implementation of an all-pass filter for imaginary part j can be found in previous
work [12,13]; the same process can be carried out to calculate the positive and negative
sequence currents.

The continuous-time state-space model of the proposed three-phase inverter in Fig-
ure 1 can be obtained using Kirchoff’s laws for both positive and negative sequences and
converted to the dg-frame [4,14] as follows:
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Figure 1. Three-phase UPS inverter under unbalanced loads.
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The only difference between the models of these two sequences is the sign of the
angular frequency w, which is inverted due to the opposite rotational direction of the
negative sequence [15]. The model (6) and (7) can be rewritten in compact form as

X" (t) = APxP(t) + Beu? (t) + Dcif (1) (8)

X' (t) = AEX"(t) + Beu" () + Dcif (t) ©

The continuous-time model (8) and (9) of the inverter can be discretized as follows:

x* (k+1) = APxP (k) + Bu? (k) + Dif (k) (10)

x"(k+1) = A"x" (k) + Bu" (k) + D (k) (11)

where AP = 1+ hA”, A" = 1+ hAL, B = hBc, D = hDg, 1 is a 4th-order identity matrix,
and / is the sampling time.

3. Proposed Control and Optimal Gain

Due to the fact that the same design method can be applied to both positive and
negative sequence controllers, the design procedure is unified. The control law acquired
from [16-18] is used to eliminate offset errors and provide system stability.

a(k) =a(k—1)+ (x* — Cx(k)) (12)
u(k) = Fex(k) + Iea(k)

where u, a, x*, Fg, and Lg are the control input, vector of integral state, reference state,
state feedback gain set, and integral control gain set, respectively. The output matrix C is
defined as C := [02>< P IZXZ} where 0., and I, are 2 x 2 zero and the identical matrix,
respectively. In order to regulate the output voltage, d-voltage should be set to V,,s and
g-voltage should be set to zero. In addition, all negative sequence voltages should be set to
zero to eradicate the unbalanced voltage. Therefore, the reference state for both sequences

. T
can be determined as x;, = [Vies 0] andx;; = [0 0] T
To determine the control gain F, and I, the system state vector and integral state

vector can be augmented and written in compact form as

s(k+1) = As(k) + Bu(k) + D(k) (13)
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where z := , A= , B = ,D = L1,0 is a 2 by 2 zero
L‘l] [—C Do 0252 r 2x2 y

matrix and Iy is the second-order identity matrix. The control input u(k) is defined as
u(k) = Kz(k) (K := [F; L) (14)

Then, from (13) and (14), the overall closed-loop system can be obtained assuming
that the matrix D =0 as
z(k+1) = (A+BK)z(k) (15)

The augmented closed-loop system (15) is stable if the inequality (16) holds.

2 T
A (AA+BX)
0 16
AA +BZ A ” (16)
where A:=T"1, Tisa positive definite matrix, K is a stabilizing gain set, and & = KA.
To shorten the convergence time of the output voltage to the steady state, € should
be selected with respect to the minimizing of A under the LMI condition (16). Then, the
optimization problem can be defined as

Mini;nize A subject to (16) (17)
&

Then, [19-21] the optimal gain can be obtained as
K=2zA"! (18)

To efficiently solve this LMI problem, a MATLAB toolbox called YALMIP is used to
compute the optimal gain.

4. Simulation and Experimental Results

Simulation and experimental results are discussed in this section. MATLAB and PSIM
are employed to conduct this simulation. Using the YALMIP toolkit, the optimal gain can
be easily determined after a methodical design procedure has been outlined. The computed
gain is then used in the PSIM-implemented C language control algorithm. Table 1 contains
the UPS inverter’s specifications. It is noteworthy that the resistive loads are connected in
a delta configuration to produce a large imbalanced dip for the purpose of verifying the
control algorithm.

Table 1. Parameters used in simulation studies.

Parameters Symbols Values
Filter Capacitance Cr 50 uF
Filter Inductance Ly 52 mH
Sampling Time ts 0.1 ms
Load Resistance R; 50 O3, 500 3, 1000 O
Output Voltage Reference V,ef 156 Viax
DC-Link Voltage Vidc 350V

Figure 2 displays the controller’s output voltage performance in the abc-frame without
the negative sequence controller. It comes out that a significant voltage imbalance occurs
at the output. Moreover, Figure 3 depicts that the unbalanced voltage in the abc-frame
corresponds to the double frequency oscillation in the dg-frame.
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Figure 2. Simulation results of output voltage in abc-frame without negative controller.
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Figure 3. Simulation results of output voltage in dq-frame without negative controller.

Figure 2 displays the controller’s output voltage performance in the abc-frame without
the negative sequence controller. It is revealed that a significant voltage imbalance occurs
at the output. Moreover, Figure 3 depicts that the unbalanced voltage in the abc-frame
corresponds to the double frequency oscillation in the dg-frame.

In contrast to the results of the controller without a negative sequence compensator,
the output voltage of the controller with an additional negative sequence controller is
neither asymmetrical nor oscillatory, as shown in Figures 4 and 5, respectively.
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Figure 4. Simulation results of the proposed method in abc-frame.
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Figure 5. Simulation results of the proposed method in dg-frame.

Figure 6 depicts the outcome of the experiments conducted without the use of a
negative sequence compensator. It is obvious that the output voltage results are more
enhanced with well-balanced sinusoidal control utilizing the proposed control, as shown
in Figure 7. This is the case since the results are significantly better.
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Figure 6. Experimental results without negative sequence control.
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Figure 7. Experimental results of the proposed control.

5. Conclusions

Using the LMI method, this paper proposes a systematic control design for an inverter
under unbalanced load conditions. For the controller to regulate the output voltage and
eliminate the unbalanced voltage, two sets of controllers for the positive and negative
sequences are required. Simulations and experiments of this proposed controller exhibit
superior performance in terms of three-phase symmetrical voltage when compared to
controllers lacking a negative sequence compensator. With the computed gain using the
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LMI method, the rapid transient response is obtained. Furthermore, an additional negative
sequence controller aids in eliminating the unbalanced voltage. Lastly, future work on this
study will include disturbance or state observers to reduce the state measuring noise to
obtain better output results.
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