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Abstract—In order to solve problems present in traditional in-
direct control in the nine-switch converter unified power quality
conditioner (NSC-UPQC), such as response delay caused by har-
monic detection and phase-locked loop (PLL), system coupling
caused by coordinate transformations as well as difficulties in tun-
ing proportional-integral (PI) controller parameters. A predictive
direct control strategy based on time-sharing cooperative control
(TSCC) was hereby proposed for NSC-UPQC. The strategy inte-
grated the NSC topology working principle, and the cooperative
control concept was introduced. In the first place, a mathematical
model was established for the UPQC predictive direct control sys-
tem in the a3 coordinate system. This model was formulated based
on an analysis of the configuration and operational principles of the
NSC-UPQC system, incorporating principles of direct control and
finite set model predictive control. Besides, the power balance prin-
ciple and dead-beat control principle were employed to construct
the mechanisms for generating reference currents on the series and
parallel sides. This method avoided the complexities associated with
coordinate transformations and PLL detection, eliminating the
need for harmonic detection and PI controller parameter tuning.
As a result, it effectively simplified the control system structure and
enhanced the dynamic response capability of the system. On such a
basis, the concept of cooperative control was introduced, leveraging
the redundancy of the NSC-UPQC topology switches. Additionally,
the principles for vector selection and control mechanisms under
TSCC were presented, and coordinated control on the series and
parallel sides of NSC-UPQC was achieved, considerably enhancing
the precision of system control. Finally, detailed simulation and
hardware-in-loop test analyses of the proposed strategy were con-
ducted, further validating its feasibility and effectiveness.

Index Terms—Nine-switch converter (NSC), predictive direct
control, reference current, time-sharing cooperative control
(TSCC), unified power quality conditioner (UPQC).

1. INTRODUCTION

ITH the widespread application of power electronic
devices and nonlinear loads, power distribution systems
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have been exposed to power quality issues, such as voltage
fluctuations, surges, harmonic distortion and imbalance [1], [2],
[3]. Commonly used voltage and current compensation devices
include static synchronous compensators, series active power
filters (SAPF), parallel active power filters (PAPFs) and dynamic
voltage restorers [4], [5], [6], [7]. However, these devices often
have limited functions in power quality management and fail
to meet the diverse demands of coordinated control for various
power quality problems. The unified power quality conditioner
(UPQC) merges SAPF and PAPF characteristics, allowing it
to effectively address a spectrum of power quality issues. This
unique capability has earned UPQC widespread recognition
from researchers globally [8].

However, the traditional UPQC adopts a back-to-back con-
verter topology, which is complex and relatively expensive,
severely limiting its application in various fields. By replacing
the back-to-back converter circuit topology in UPQC with the
nine-switch converter (NSC), the number of switching devices
can be reduced by 25%, boasting advantages such as lower
cost, smaller size, reduced losses, etc. [9]. Currently, scholars
worldwide primarily focus on several aspects of NSC-UPQC
research, including the development of rational, reliable, and
effective modulation and control methods. Additionally, efforts
are directed towards enhancing the utilization efficiency of the
dc voltage.

Specifically, Mabusubani and Shaik employed a classic dual-
loop control strategy based on a proportional-integral (PI) con-
troller, achieving compensation for current and voltage through
time-sharing control (TSC) in [10]. Based on this article, a
hybrid modulation strategy was proposed in [11]. This strategy
divided the dc bias in the modulation signal into two parts:
the fundamental frequency bias selected according to the same
frequency mode and the harmonic bias determined in advance
based on the harmonic capacity to be compensated by the sys-
tem. This method combined the advantages of same-frequency
and different-frequency modes, reducing the required dc volt-
age on the converter side. As for improving the utilization of
dc voltage, an approach of serially connecting a monotonic
harmonic filtering branch to the equivalent parallel side of
the NSC-UPQC was proposed. By reducing the fundamental
frequency component of the ac grid borne by the equivalent
parallel side, this method lowered the amplitude of the dc volt-
age on the NSC-UPQC side. In [12], the researchers applied
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NSC-UPQC to a doubly-fed wind power system, achieving
flexible fault ride-through under various voltage conditions. In
order to leverage the distinct characteristics of voltage com-
pensation and current compensation while meeting dc voltage
requirements, they developed a dynamic modulation ratio op-
timization strategy aimed at enhancing dc voltage utilization.
Apart from sinusoidal pulsewidth modulation (SPWM) meth-
ods, some scholars proposed the application of space vector
pulse width modulation (SVPWM) for NSC-UPQC based on the
relationship between NSC and the voltage vectors of traditional
two-level inverters [9]. They analyzed the NSC action vectors
and the corresponding action times, proposing a control method
according to the instantaneous power theory.

Intelligent control algorithms were also incorporated into
NSC-UPQC. For instance, fuzzy control was utilized to deter-
mine the value of Kp, with simulation results confirming its
effectiveness [13]. Additionally, in [14], particle swarm opti-
mization techniques were employed to enhance the operational
speed of the NSC-UPQC system, resulting in a 33% reduction
in switch stress.

In summary, the above studies have primarily employed in-
direct control as the macro implementation strategy for UPQC
by adopting the SPWM and SVPWM techniques [15]. Indirect
control focuses on voltage and current compensation as control
objectives, making its goals more direct and concepts clearer.
However, it involves harmonic detection, leading to phase lag
and filtering delays. By contrast, direct control strategies elimi-
nate the need for harmonic detection [16], controlling the series
converter as a sine current source and the parallel converter
as a sine voltage source separately. In this case, the controller
structure is effectively simplified, which further promotes the
dynamic performance of the system. Currently, NSC-UPQC
control strategies frequently rely on linear control algorithms
based on synchronous rotating coordinate systems, leading to
substantial internal coupling. These strategies are susceptible
to the accuracy of the phase-locked loop (PLL), and parameter
tuning can present challenges.

Finite control set model predictive control (FCS-MPC)* com-
bines nonlinearity and system constraints, eliminating the need
for traditional PWM modulation [17], [18], [19]. This approach
provides substantial intuitiveness and flexibility, offering a fresh
perspective for optimizing the control strategy of NSC-UPQC.
In [20], FCS-MPC was implemented in NSC-UPQC, with a
focus on harmonic compensation under nonlinear and unbal-
anced load conditions. However, it did not address issues, such
as voltage sag, swell, and power coordination distribution. In the
application of FCS-MPC to NSC, a common approach generally
involves combining the value functions of the upper and lower
output terminals into a single value function [21]. Nevertheless,
this approach not only increases the computational burden on
the system, but also fails to achieve independent control of the
two output terminals. On the other hand, while the TSC method
achieves independent control of both ends, it only operates one
output terminal at any given moment, resulting in decreased
tracking accuracy for the specified current [22].

To address the issues in traditional indirect control, such as
response delay caused by harmonic detection and PLL, system
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coupling due to coordinate transformations, and difficulties in PI
parameter tuning, and to improve the tracking accuracy of NSC
for reference currents at the same time, a predictive direct control
strategy was hereby proposed on the basis of a time-sharing
cooperative control (TSCC) approach suitable for NSC-UPQC.
The main contributions of this research are as follows.

1) The mathematical model of the NSC-UPQC predictive
direct control system in the a3 coordinate system was
established, along with the mechanism for generating ref-
erence currents. This created a system free from harmonic
detection, PLL, or closed-loop control. It removed the
necessity for six PI controllers found in traditional linear
control methods, thereby mitigating potential empirical
and subjective aspects that may arise when configuring PI
parameters.

2) By leveraging the topological characteristics of NSC
switch devices and introducing a cooperative control con-
cept based on TSC, principles and control mechanisms
for TSCC were also established. This enabled coordinated
control of the two output terminals and achieved superior
tracking accuracy for the specified currents.

The rest of this article is organized as follows. Section II
presents the topology and working principles of NSC-UPQC.
Section III covers the design of the NSC-UPQC direct con-
trol predictive model, the mechanism for generating reference
currents as well as the design of value functions based on the
af coordinate system. Section IV elucidates the TSCC vector
selection principles, establishing a cooperative control mecha-
nism. Section V validates the feasibility of the proposed control
strategy through simulation and hardware-in-loop test analysis.
Finally, Section VI concludes this article.

II. TOPOLOGY AND WORKING PRINCIPLE OF NSC-UPQC
A. Topology of NSC-UPQC

The NSC-UPQC topology is illustrated in Fig. 1. The figure
shows the supply voltage usqpe, the supply current igqpe, the
load voltage uy, b, the load current iy, 45, the series transformer
compensation voltage u.qpc, the series transformer secondary
side current i, 451, the parallel side compensation current i gp¢2.
U1 abes U2qbe Tepresent series and parallel side output voltages,
whereas i.pc1, iqbc2 Tepresent series and parallel side output
current, respectively. Additionally, C;, Co and L;, Ly indicate
filter capacitors and filter inductors for series and parallel side
respectively. The dc side capacitance is denoted by Cq., while
the dc-bus voltage is denoted by V..

The NSC topology is shown within the dashed line in Fig. 1,
with a total of three bridge arms, and three switching devices on
each bridge arm for a total of nine switching devices. The key
feature of NSC lies in utilizing switching device multiplexing
to combine the lower tubes of one converter with the upper
tubes of the other converter in the conventional back-to-back
12-switching converter, thereby reducing the total number of
switching devices. Say, Spu, Scv and San, S, Scoar consti-
tute the upper side converter INV1 as the UPQC parallel side
converter, while S, Sea, Scv and S, Sgr, Scr, constitute
the lower side converter INV2 as the UPQC series side converter.
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Fig. 1. Topology structure of NSC-UPQC.
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U
\ equated to a two-level inverter. Independent control of the two
w outputs is thus realized.
</__\ In order to prevent the short circuit on the dc side and to
—— |  — conduction form an effective working circuit with the load, there are two
constraints in the NSC [23].
@) 1) There should be two switching devices on at the same
moment in the same bridge arm.
— [ ———fconduction 2) The output voltage at the upper end should be higher than
<\_/ or equal to that at the lower end at any moment.
A Table I gives all the possible switching states and port output
_ 2 voltages for each phase, where the switching device conduction
. TR T TTHT T . state is noted as 1, the off state is 0, X is taken as a, b, ¢, and
V____ISA% :} SBM| :} S(MI :} : Uxo, ixy are the INV1, INV2 output voltages respectively. As
o : Ly given in Table I, three active states per phase are involved in the
I v NSC, totaling 27 switching state combinations.
' -—:—W As given in Table I, the relationship between output voltages
: Sa |- el SalF + 1 on the series side, the switching device state and dc-bus voltage
I ‘I I can be expressed as follows:
L I INV2
b) Uql = (1_SAL) Vvdc
, o upr = (1-SB1) Vie. (1)
Fig. 2. TSC principle of NSC. (a) INV1 work. (b) INV2 work.

B. Working Principles of NSC

TSC principle of NSC is presented in Fig. 2. When INV1
operates, the lower tube of each phase of the bridge arm always
maintains conduction, when, INV1 can be equated to a two-level
inverter. When INV2 works, the upper tube of each phase of the
bridge arm always maintains conduction, when, INV2 can be

ue1 = (1=Ser) Vae

The relationship between output voltages on the parallel side,
the switching device state and dc-bus voltage can be expressed
as follows:

Uaq2 = SAUV;ic
2

upz = SBu Vic-

Uco = Scu Ve
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III. PREDICTIVE DIRECT CONTROL OF NSC-UPQC

According to the UPQC direct control principle, the series side
converter is controlled as a sinusoidal current source, while the
parallel side converter is controlled as a sinusoidal voltage source
without the harmonic detection link. Thus, predictive direct
control can be directly modeled in the a3 coordinate system,
avoiding the synchronous rotating coordinate transformation
and its induced problems of system coupling and affected by the
precision of PLL. Reference currents generation mechanism is
deduced and established based on the principle of system power
balancing and dead-beat control, thereby basically achieving
the PI-free outer loop control while avoiding the complex PI
parameter adjustment.

A. Modeling on Predictive Control of NSC-UPQC

The control strategy proposed in this article requires the induc-
tance on the series and parallel sides, as well as the capacitance
on the parallel side, as part of the mathematical model. However,
the capacitance C; on the series side is not actually necessary
as a component of the mathematical model used in the control
strategy and plays a minor role in the entire control system.
Therefore, it can be considered negligible or simply ignored. The
mathematical model of the series converter in the a3 coordinate
system can be obtained based on KVL and KCL

digy _ 1 _ 1

at Llual Lluca (3)
digy 1, . 1,

dt — Lo uBl T T UeB

where the a-axis component and (3-axis component of series
side output voltage u1, g1, the a-axis component and -axis
component of series side output current i1, ig1, the a-axis
component and [-axis component of the grid compensation
voltage o, Ueg.

Since the value of filter capacitor Cy on the parallel side is
large and cannot be neglected, the mathematical model of UPQC
parallel converter in the 3 coordinate system can be obtained as

% = C%ZOQ - C%ZCO‘Q
durg 1 - 1 . (4)
—ar @Zﬁz - @Zcﬁz
djii(;z = I%,uoﬂ - iuLa 5
digs 1 1 ( )
dt T Ly up2 — TuULp

where the «-axis component and [-axis component of parallel
side output voltage u,2, g2, the a-axis component and 3-axis
component of parallel side output current i, 2, igo, the a-axis
component and 3-axis component of the load voltage uy,, ur3,
the a-axis component and [-axis component of parallel side
compensation current i.q2, I.g2.

After discretizing (3) and (5), the series and parallel side
prediction models are obtained as follows:

i1 p1(k) = T=ucs (k) + T-upr (k)

) =ip1(k)
{1042 ) = Za2(k) - %uLa(k) + g; ua2(k)
ip2(k +1) (k) — Lzurs(k) +

lal = ial - LUcoz = Uql
{ a1(k+1) (k) = - tiea (k) + £ tar (k) ©
(k+1
(k+
h+ (7

Trupa(k)
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Fig. 3. Reference current generation mechanism of series side.

where T is the discretization period, y(k) denotes the value of
variable yin the kT; period, and y(k) refers to the value of variable
v in the (k+1)T period.

B. Reference Current Generation Mechanism

The power balance of the UPQC system should be regulated
by a current command on the series side. Assuming p;, as the
total power from the grid side, the system power balance can be
achieved as

Din = UsGls = (UL + uc)gis~ (8)

Since iy = if-i.2, (8) can be replaced as

Pin = ULGIL—ULYlc2 + UcGls- ©)

Taking pgc = —urgico + ucgls as a system loss, it can be
compensated by the dc side control

Pin = ULGIL + Pdc- (10)

Transforming (10) to the o3 coordinate system

|:’U,SQ Usp :| |:Z:soz:| _ |:uLa urp :| |:iL :| T |:pdc:| (11
Usp —Usa 158 urg —ULa LLB

Based on the generalized instantaneous reactive power theory
[24], the relationship between the instantaneous active power p,,

instantaneous reactive power ¢, and the load voltage and current
in the o3 coordinate system can be obtained as

[PL} _ [uLa urg ] |:iLa:| (12)
qr urg —Ural lirg]
Substituting (12) into (11) yields
|:usa Usp :| |:isa] _ |:pL +pdc:| (13)
Usp  —Usa isﬁ qrL '

To ensure no reactive power input to the series side, the
reference reactive power ¢y, is set as 0. Thus, the reference
current of series side can be obtained as

i* = = Usa(PLtpac)
al 7 Ysa T 42 42
sa sB (14)
it =t — Uss(PLtpa)
B1 sB uZ,tul,

The output current generation mechanism of the series side is
shown in Fig. 3.

Discretizing and organizing (4) yields a reference value for
the reference current on the parallel side

{222(]9) = ica2(k) + % (ura(k +1) = ura(k))

. 15
5y (k) = iepa(k) + G2 (urp(k+ 1) —us(k)
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Reference current generation mechanism of parallel side.
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Fig. 5. Block diagram of traditional control.

According to the principle of deadbeat control, assuming that
the load voltage perfectly tracks the desired ideal voltage in the
k+1st sampling period, then

ur(k+1) = up (k). (16)
Equation (15) can be transformed as
io (k) = icaz(k) + G (upo (k) — ura(k)) -

i5a(k) = icp2(k) + % (up(k) — urs(k))’

The output current generation mechanism of the parallel side
is shown in Fig. 4.

C. Cost Function

In order to realize independent control of the series and
parallel sides, the TSC corresponds to the cost function only for
the output current of one side of converters. The value function
g1 is constructed for the output current of the series side

g1 = ity (k) —ia1(k+ 1)| + |iG (k) —ig1(k+ 1) (18)

The value function g is constructed for the output current of
the parallel side

92 = liga (k) —iaz(k +1)] +

iho(k) —ig2(k+1)[. (19

Fig. 5 shows a block diagram of series side control based on
indirect control and synchronized rotating coordinate system.
The traditional control method consists of detection, control and
modulation section. In the detection section, harmonic compo-
nents to be compensated are identified. However, the effective-
ness of power quality compensation is significantly impacted by
harmonic detection and the accuracy of phase-locked-loop. The
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TABLE II
'VOLTAGE VECTOR OF INV2 SWITCHING STATE COMPARISON

Vo Vi Ve Ve Ve Vs Ve Vi
000 001 010 o011 100 101 110 111
S, 1 1 1 1 0 0 0 0
S, 1 1 0 0 1 1 0 0
S, 1 0 1 0 1 0 1 0

control section involves system coupling within the synchronous
rotating coordinate system and four PI controllers, posing chal-
lenges for parameter adjustment. Additionally, the modulation
section necessitates further processing and calculation of the
modulation signal. As a result, the control structure of the
NSC-UPQC system under the traditional method is complex,
leading to delayed response and difficulty in setting controller
parameters.

Fig. 6 shows the block diagram of the proposed predictive
direct control of NSC-UPQC, which contains only two parts:
the given current generation and the model predictive control.
The predictive direct control algorithm eliminates the need for
PLL, harmonic detection, system coupling, and PI parameter
rectification, considerably simplifying the control process.

IV. TIME-SHARING COOPERATIVE CONTROL

The performance of the UPQC mainly depends on the accurate
and fast tracking of the reference signal. The output of both
the series and parallel side of the NSC-UPQC contains eight
voltage vectors on one side only at any moment of the TSC
mode. This mode results in the overall low output performance
of the NSC and poor tracking of reference currents on the series
and parallel sides of the NSC-UPQC. Therefore, in this section,
building upon TSC, a TSCC approach is proposed for predictive
direct control of NSC-UPQC. This aims to optimize the tracking
effect of the given current by leveraging the redundancy of
NSC'’s switching device states and introducing the concept of
cooperative control.

A. Principles of Vector Selection

It can be seen from (1) and Fig. 2(b) that the eight voltage
output vectors Vig~ Vi7 of INV2 are only related to S41, Spr.,
and S¢cr,which are inversely related to their counterparts.The
voltage vectors of INV2 are given in Table II in comparison
with Sar, Sgr, and S¢r.
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TABLE III
VOLTAGE VECTOR OF INV1 SWITCHING STATE COMPARISON

Vo Vi Ve Vus Vus Vs Ve Via

000 001 010 011 100 101 110 111
Se 0 0 0 0 1 1 1 1
Sy 0 0 1 1 0 0 1 1
Scu 0 1 0 1 0 1 0 1
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TABLE IV

VOLTAGE VECTOR OF INV2 CORRESPONDS TO THE SWITCHING STATES AND

VOLTAGE VECTOR OF INV1

INV2  SupSmiddie

INV1

000111,011100,001110,101010,
Vo 010101,110001,100011,111000
Vi 101011,111001,001111,011101
Vi 111010,110011,011110,010111
Vi 011111,111011

Vi 100111,111100,101110,110101

Vio Vit Vie Vs
Vs Vs Vs Via
Vit Viz Vus Vi
Viz Vuz Vue Vi
Vu3 Vu7

Vu4 VuS Vu6 Vu7

1 0 k\ 1 1 ok\ 1 Vs 101111,111101 Vis Var
1 1 Vie 110111,111110 Vi Vur
0 (1) Vi 111111 Vig
0 1 0 L 1 1
0 8 TABLE V
8 VOLTAGE VECTOR OF INV1 CORRESPONDS TO THE SWITCHING STATES AND
1 1 1 1 1 0 1 VOLTAGE VECTOR OF INV2
INV1 Smiddleslow INV2
1 0 1 1 0 1
k\ | \ | Vo 111111 Vo
0 0 Vi 110111,111110 Vio Vi
| | 0 1 | 1 1 Vi 101111,111101 Vio Vi
1 1 Vuz 100111,111100,101110,110101 Vo Vu Vo Vi
0 0 Viua 011111,111011 Vio Vi
0 1 1 0 9 1 0 1 Vs 111010,110011,011110,010111 ViV Vu Vs
' : ! Ve 101011,111001,001111,011101 VeV VuVie
Fig. 7.  Schematic diagram of vector selection principle. Vg 000111,011100,001110,101010, = Vi Vit Vi Vi3
010101,110001,100011,111000  Vu Vis Vie Vi

It can also be observed from (2) and Fig. 2(a) that the eight
voltage output vectors V,o~ V,7 of INVI1 are only related
to Savy, Spy, and Scy, which are inversely related to their
counterparts. The voltage vectors of INV1 are given in Table III
in comparison with S 41, Spy, and Soyp.

The NSC three phase upper switching device state vector is
noted as Sy, = [SauSeuScuyl, the middle switching device
state vector is noted as Syiqdie = [Sa S BmS o], and the lower
switching device state vector is noted as Siow = [SarSBLS o]

INV1 and INV2 under TSC operation can be equated to two
independent two-level inverters, where the control performance
of either inverter is only related to the eight effective voltage
vectors, and the other inverter outputs zero voltage vectors.
However, different from the two-level inverters, the switching
device states on the upper and lower sides of INV1 and INV2
do not necessarily adhere to the principle of either 1 or 0 when
determining the voltage output vector at a certain moment.

As shown in Fig. 7, when INV1 outputs V,5(101), it needs
to satisfy S, = [101], and Syniqaie does not necessarily take
the inverse [010]. Under the premise of satisfying the NSC
topology constraints Syiqd1e can take the four states [010], [011],
[110], and [111], and the corresponding voltage vectors of INV2
are Vo, Vi1, Vi4, and V5, respectively. Therefore, when INV1
determines the optimal action vector, the states of Sy,iqqle and
Slow are not unique, and INV2 can output non-zero voltage
vectors to put into operation. This selection principle aligns with
the constraint condition of the NSC switching device. Even after
determining the vector output of one end, the switching device
retains the redundant state necessary for normal operation.

| INV1dominate | INV2dominate | INV1dominate |

k k+1 k+2

Fig. 8. Mechanism of TSCC.

Table IV gives the corresponding switching device states and
the selectable range of voltage vectors on the parallel side after
determining the voltage vectors on the series side.

Table V gives the corresponding switching device states and
series side voltage vector selectable ranges after determining the
parallel side voltage vector.

B. Mechanism of TSCC

The mechanism of TSCC is demonstrated in Fig. 8, where two
control cycles form a complete cycle. In the previous control
cycle, the series side predominates, while in the subsequent
control cycle, the parallel side takes precedence. The first part
of the operation is carried out at moment & to predict the optimal
switching signal to act at moment k41, while the second part of
the operation is performed at moment k+1 to predict the optimal
switching signal to act at moment k2, etc.

1) First Control Cycle: Cost function g1 is calculated accord-
ing to the series side prediction model (6), the reference
current (14), and the cost function (18). The series side
cost function g; is optimized by 8 times of voltage vector
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TABLE VI
UPQC PARAMETERS

Parameters Value
Grid RMS voltage(us) 220V
Grid frequency 50 Hz
Series side capacitance(C1) 0.2uF
Series side inductance(L1) 50 mH
Parallel side capacitance(C2) 300 uF
Parallel side inductance (L) 4 mH
DC voltage (Vic) 1200 V
DC link capacitors(Cic) 5500uF
Sampling period (T%) 80 us

rolling to obtain the optimal action vector of the series side.
Aslong as the optimal action vector is selected, the parallel
side cost function g is optimized by rolling to obtain the
optimal action vector of the parallel side according to the
corresponding switching device states and the optional
range of voltage vectors of the parallel side in Table IV.
The optimal action vectors required on the parallel side
are obtained, and all the switching device signals are then
obtained.

2) Second Control Cycle: Cost function g» is calculated fol-
lowing the parallel side prediction model (7), the reference
current (17), and the cost function (19). The parallel side
cost function g, is optimized by eight times of voltage
vector rolling to obtain the optimal action vector of the
parallel side. As long as the optimal action vector is
selected, the series side cost function g; is optimized by
rolling to obtain the optimal action vector of the series side
according to the corresponding switching device states and
the optional range of voltage vectors of the series side in
Table I'V. The optimal action vectors required on the series
side are obtained, and all the switching device signals are
then obtained.

V. SIMULATION AND HARDWARE-IN-LOOP TEST ANALYSIS

To validate the proposed NSC-UPQC predictive direct control
method based on TSCC, MATLAB/Simulink and an hardware-
in-loop (HIL) test platform with digital signal processor (DSP),
field programmable gate array (FPGA), and Typhoon HIL402
are also employed.

A. Simulation Results

According to IEC 61000-4-30 standard. Voltage swell/sag is
a sudden increase/decrease in voltage of 10% or more above the
normal or recommended operating voltage within a period of 1/2
cycle to 1 min. The system is designed to create a 15% temporary
voltage swell at 0.1 s, a 15% temporary voltage sag at 0.2 s, and
the introduction of voltage harmonic at 0.3 s. Table VI gives
the system parameters. This article employs the finite control
set model predictive control method, which is characterized by
a variable switching frequency. Based on simulation statistics,
the average switching frequency is 2.72 kHz when the system
control period is 80 pus.
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Fig. 9. Voltage compensation effect.

TABLE VII
THD OF VOLTAGE COMPENSATION WITH DIFFERENT CONTROL METHODS

Method Conditon THD%
Voltage swell 1.20

TSC Voltage sag 1.24
Voltage harmonic  1.28
Voltage swell 0.92

TSCC Voltage sag 0.89
Voltage harmonic  0.94

The voltage compensation effects of the NSC-UPQC predic-
tive direct control strategy are compared using TSC and TSCC,
as shown in Fig. 9. The figure illustrates that the proposed
strategy effectively compensates for transient voltage increases,
decreases, and harmonics in the grid voltage amplitude.

Table VII gives a comparison of harmonic distortion rates for
voltage compensation.

Fig. 10 depicts the simulation waveforms of load voltages
under 0.1 s grid voltage swell, 0.2 s grid voltage sag, and
0.3 s grid voltage harmonic moments, comparing traditional
control methods with predictive direct control based on TSCC.
It is evident that traditional control methods exhibit voltage
fluctuations during changes in grid voltage, whereas predictive
direct control shows smoother and smaller fluctuations. Due
to its avoidance of harmonic component detection and PLL,
predictive direct control mitigates control delays caused by
these factors, resulting in faster response compared to traditional
control methods.

Fig. 11 presents a comparative chart of the current compen-
sation effects of the predictive direct control strategy using two
control methods. It can be clearly seen that the TSC method
struggles to maintain sinusoidal characteristics in the grid side
current, indicating significant waveform distortion issues. In
comparison, the TSCC method proves to be more effective
in maintaining sinusoidal grid side currents and demonstrates
stronger compensatory effects.

Table VIII gives the harmonic distortion rates for current
compensation under these two different control methods.

In order to research the control effect of the system parameter
mismatch, this article provide an example using the mismatch
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Fig. 11.  Current compensation effect.

TABLE VIII
THD OF CURRENT COMPENSATION WITH DIFFERENT METHODS

Method Conditon THD%
Voltage swell 4.87

TSC Voltage sag 5.23
Voltage harmonic  4.96
Voltage swell 2.80

TSCC Voltage sag 2.63
Voltage harmonic  2.89

of inductance parameter L, in the prediction model under the
premise of ensuring approximate consistency of switching fre-
quencies. Specifically, when Lo is set to 0.5, 1.0, and 1.5 times
the actual value. We present the THD of the load voltage under
three operating conditions: grid voltage swell; voltage sag; and
voltage harmonic. These results are compared with the effects
of traditional indirect compensation control using a PI regulator,
as shown in Fig. 12. As depicted, the traditional linear control
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method does not face parameter mismatch issues since it does
not rely on a system model. Although the control effect of the
method proposed in this article depends on the system model pa-
rameters, the control effect is still better than the traditional con-
trol method, even when the parameter mismatch reaches 50%.

To validate the tracking accuracy of the proposed TSCC
method for the reference current, Fig. 13 illustrates waveform
images of the series side output current and the reference current.
This example focuses on the a-axis of the series side, consider-
ing the current under two control methods. The TSCC method
demonstrates significantly superior tracking accuracy for the
current phase and amplitude compared to the TSC method.

Setting a higher dc-bus voltage enables the converter to have a
wider output range and therefore the UPQC obtains a more favor-
able compensation effect. Since the dc side voltage utilization of
the NSC is less compared to the conventional back-to-back two
level converter, a larger value of ¢ side voltage is required. Fig. 14
illustrates the dc-bus voltage waveform of the predictive direct
control strategy based on the TSCC. Under sudden changes in
operating conditions, the dc bus experiences minor fluctuations,
but regains its stability quickly.

To assess the dynamic performance of the system and its
nonlinear current compensation capabilities under the proposed
TSCC method, a nonlinear load is introduce. Fig. 15 illustrates
a high distortion rate in the current waveform before NSC
activation in the main circuit. However, once NSC is engaged at
0.2 s, the current waveform becomes nearly sinusoidal, aligning
quickly with the grid-side voltage in phase.

B. HIL Test Results

To validate the effectiveness of the proposed strategy, an HIL
test platform is set up. This platform validates the NSC-UPQC
predictive direct control method based on TSCC presented in
this article, as depicted in Fig. 16.

The primary circuit model is implemented in the Typhoon
HILA402 platform, with output pulses generated by the HDSP-
DF28335P controller. Harmonic distortion levels of the current
are assessed using the HIOKI power quality analyzer PQ3198.
The test parameters remain consistent with those used in the
simulation section. The parameters for the IGBT were set as
follows: dead time of 5 s, snubber type R of 1 x 103 €2, and C
of 1 x 10~® ;zF. Nominal power of the transformer was 2000 VA.

1) Performance of Predictive Direct Control Based on TSCC
Under Normal Voltage Condition: When the three-phase input
grid voltage is normal and a nonlinear load is connected, the
HIL test results are depicted in Fig. 17.

Fig. 17(a) and (b) shows that the strategy not only maintains
the load voltage at the set amplitude of 311 V, but also con-
trols the phase deviation between the load voltage and the grid
voltage. As illustrated in Fig. 17(c) and (d), the grid current
is effectively sinusoidalized, and the grid side power factor is
controlled to be 1. Fig. 17(e) and (f) indicates that the THD
of the load voltage and the grid current are 1.88% and 3.00%,
respectively.

2) Performance of Predictive Direct Control Based on TSCC
Under Voltage Swell Condition: Fig. 18 illustrates the HIL test
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results of a transient 15% increase in the three-phase input grid
voltage due to the connection of a nonlinear load.

Fig. 18(a) and (b) reveals that the UPQC predictive direct con-
trol strategy based on TSCC under the voltage swell condition
not only maintains the load voltage as a sinusoidal waveform

Fig. 16. HIL test platform.
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with constant amplitude and retains the stability of the user-
side voltage, but also has the same phase as the grid voltage.
Fig. 18(c) and (d) illustrates that the grid current is effectively
sinusoidalized, and that the power factor of the control grid side
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is 1. Fig. 18(e) and (f) demonstrates the THDs of the load voltage
and the grid current of 1.98% and 2.89% after the compensation,
respectively, effectively maintaining the system stability.

3) Performance of Predictive Direct Control Based on TSCC
Under Voltage Sag Condition: Fig. 19 presents the HIL test
results of a transient 15% decrease in the three-phase input grid
voltage due to the connection of a nonlinear load.

As shown in the figure, the proposed strategy can realize
the sinusoidalization of load voltage and grid current, and the
change of grid voltage does not affect the power factor change
at the grid side. The THD of load voltage and grid current after
compensation is depicted in Fig. 19(e) and (f). Under the UPQC
predictive direct control strategy based on TSCC, the THD of
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load voltage is 1.84%, and the THD of grid current is 2.63%,
effectively improving the power quality problems present in the
system.

4) Performance of Predictive Direct Control Based on TSCC
Under Voltage Harmonic Condition: Fig. 20 displays the HIL
test results of the three-phase input grid voltage when it exhibits
14% harmonics due to the connection of a nonlinear load.

It can be observed from Fig. 20 that although there are quality
problems in the power side voltage due to harmonics, the grid
current and load voltage maintain sinusoidal waves with constant
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TABLE IX
THD COMPARISON WITH DIFFERENT CONTROL METHODS

Predictive direct control based on

Traditional control

Predictive direct control based on

Working TSC TSCC
conditions Load Grid Load Grid Load Grid
voltage current voltage current voltage current
Voltage swell 2.61 3.11 2.16 4.97 1.98 2.89
Voltage sag 2.41 3.24 243 5.42 1.84 3.11
Voltage harmonic 2.45 3.28 2.28 5.18 1.94 2.92
= VI. CONCLUSION
20F E U THD-F
1ok ,‘ 5100 ‘ 3.11 % To conclude, a predictive direct control strategy was hereby
< o/ 12 10 i proposed based on TSCC for NSC-UPQC, addressing chal-
-10p%, d ;‘i | lenges encountered in indirect control, including harmonic de-
A e i o e e G B ‘ tection, response delays from PLL, system coupling due to
J(4ms/div) = 0 10 20 30 40 30 coordinate transformation, and the complexity of PI parame-
@ ter tuning. First, the predictive direct control model under a3
20¢ i W 3 U THD-F coordinate system was constructed by combining direct control
o YYNY YY) éloo“i’ 8.24 x with FCS-MPC. Second, based on the principle of power balance
= Ox y 18 10 of the system, the reference current generation mechanism on
:;g:ﬁ\" PAVAVAVAVAANY ;‘E 1f _ the series side under o coordinate system was constructed.
= o o % 3'0 . Meanwhile, the reference current generation mechanism on
t(4ms/div) = Harmonic order the parallel side under o3 coordinate system was constructed
b by combining the principle of dead-beat with the principle of
20r é U THD-F constant amplitude of the load voltage. The system achieved
P 1or 5 \ E]OO ‘ 8.28 x complete decoupling, eliminating the need for harmonic detec-
= 0r, 1810 tion, PLL, and PI parameter adjustments, thereby significantly
;g . g 1f simplifying the controller structure. Finally, building upon TSC
w0 200 30 40 S0 and leveraging the redundancy of NSC’s switching device states,
t/(4ms/div) = Harmonic order the TSCC method was proposed by establishing control vector
© selection principles and control mechanisms. TSCC improved
Fig. 22. Waveforms of grid current and its THD under different working  the tracking accuracy of the reference current, and achieved bet-

conditions of traditional control. (a) Voltage swell. (b) Voltage sag. (c) Voltage
harmonic.

amplitude under the UPQC predictive direct control strategy
based on TSCC. At the same time, the power factor of the system
is always 1. Fig. 20(e) and (f) shows that the THDs of the load
voltage and the grid current are 1.94% and 2.92%, respectively,
with the system power quality problem effectively improved.

Figs. 21 and 22 illustrate the load voltage and grid current
waveforms under voltage swell, voltage sag, and harmonic
conditions for the traditional PI control. These steady-state data
were obtained from the HIL test platform. Comparing with the
effect of predictive direct control based on TSCC proposed in
this article. It reveals that under all tested conditions, both the
load voltage and grid current THD are higher with traditional
control methods than with the predictive direct control methods
based on TSC and TSCC proposed in this article. Table IX
gives the THD of load voltage and grid current for traditional PI
control, TSC-based predictive direct control, and TSCC-based
predictive direct control across various operating conditions. It
is evident that the predictive direct control method based on
TSCC outperforms the other methods in both voltage and current
control effectiveness, validating the efficacy of the proposed
control approach.

ter current and voltage compensation effect. Through simulation
and HIL test analysis, it was hereby confirmed that the proposed
algorithm had better compensation accuracy in voltage transient
swell, transient sag and harmonic power quality problems, and
could realize the stable and efficient operation of NSC-UPQC.
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