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Abstract: The modular multilevel matrix converter has been proposed as a suitable option for high
power applications such as flexible AC transmission systems. Among flexible AC transmission
systems, the unified power flow controller stands out as the most versatile device. However,
the application of the modular multilevel matrix converter has not been thoroughly analyzed for
unified power flow controller applications due to the sophisticated control systems that are needed
when its ports operate at equal frequencies. In this context, this paper presents a cascaded control
structure for a modular multilevel matrix converter based unified power flow controller. The control is
implemented in a decoupled reference frame, and it features proportional-integral external controllers
and internal proportional multi-resonant controllers. Additionally, the input port of the modular
multilevel matrix converter is regulated in grid-feeding mode, and the output port is regulated
in grid-forming mode to provide power flow compensation. The effectiveness of the proposed
vector control system is demonstrated through simulation studies and experimental validation tests
conducted with a 27-cell 5 kW prototype.

Keywords: modular multilevel converters; modular multilevel matrix converter; flexible AC
transmission systems; unified power flow controller

1. Introduction

In recent years, a series of power quality problems, such as harmonic distortion, voltage swells
and sags, and current harmonics, have been arising in power grids due to the development of
large-scale applications of non-linear loads, as well as mass integration of renewable energy generation.
The increase of power quality problems might have an adverse impact on steady state and dynamic
stability, limited transmission capacity, and congestion of lines. Therefore, Flexible Alternating Current
Transmission Systems (FACTS) have been widely used to improve power grid dynamic and static
behavior, providing greater operating flexibility and better utilization [1].

Depending on the technology and their connection to the grid, FACTS are classified as shunt,
series, and combined devices [2]. Shunt FACTS, such as the Static Var Compensator (SVC) or the
Static Synchronous Compensator (STATCOM), allow transmission line relief, power factor correction,
and voltage control [3]. On the other hand, series control FACTS devices, such as the Series Static
Synchronous Compensator (SSSC), imply a series voltage injection in the transmission line allowing
reactive and active power compensation depending on the phase voltage, impedance line control, and
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transmission line relief [4]. Finally, combined control FACTS refers to the connection of series-series
or series-parallel FACTS [2], as shown in Figure 1a. For instance, the Unified Power Flow Controller
(UPFC) is a combined control FACTS with the capability of bidirectional power flow control, voltage
and reactive power control, as well as improving the steady and dynamic stability of power grids [3,4].

As UPFC devices are rated at high-power ratios, thyristor based UPFC has been the preferred
technology [5]. Despite the high efficiency and high-power operation capability, thyristor based
UPFC presents several drawbacks, such as high harmonic distortion, low switching frequency
operation, and reduced controllability. Consequently, Modular Multilevel Cascaded Converters
(MMCC) have emerged as suitable alternatives for UPFC applications, due to their characteristics such
as high efficiency, high power quality, full modularity, easy extendibility to reach high voltage levels,
redundancy, control flexibility, and power quality [6,7].

Recently, the use of MMCC for UPFC applications has been validated in research and industrial
projects. The Modular Multilevel Converter (M2C) and the Modular Multilevel Matrix Converter
(M3C) are the most studied topologies [7,8]. The M2C has been extensively used for High-Voltage
Direct Current (HVDC) transmission [9,10], STATCOM, and UPEC applications [11-13]. On the other
hand, the M3C has been proposed for wind energy [14-17], grid interconnection [18-20], drives [20-23],
and UPFC applications [24,25].
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Figure 1. (a) Proposed Modular Multilevel Matrix Converter (M3C)-Unified Power Flow Controller
(UPFC) topology. (b) M3C topology. (c) Cluster composition.

As shown in Figure 1b, the M3C is composed of nine clusters based on series-connected full-bridge
cells. The main control challenge in this converter is the regulation of the floating capacitor voltages,
which might become complex when the input/output frequencies are similar/identical because large
capacitor voltage oscillations can be produced [8]. Cascaded control systems based on decoupled
modeling of the M3C have been proposed to decouple the converter voltages and currents, simplifying
the control of circulating currents and common-mode voltage [21,22]. Additionally, the operating
range of the M3C is usually divided into two modes: the Different Frequencies Mode (DFM) and
the Equal Frequencies Mode (EFM). The DFM is enabled when the input-port frequency is different
from the output-port frequency, and the capacitor voltage mean values are controlled to keep proper
capacitor voltage balancing. On the other hand, the EFM is enabled when the absolute value of the
input-port frequency is very close or equal to the output-port frequency. In this case, circulating
currents and common-mode voltage are used in the control systems to mitigate the oscillations in the
floating capacitor voltages [18,23,26].

This paper presents a novel direct power control system for an M3C based UPFC. The proposed
control system has all the benefits of conventional vector control systems, which are addressed in the
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literature [27,28], for the regulation of the voltages and currents of the M3C including those at the
input and output ports. The contributions of this paper can be summarized as follows:

o  To the best of the authors” knowledge, this is the first paper where the control strategies for an
M3C based UPFC are developed and experimentally validated.

e In this work, the input port of the M3C is regulated in grid-feeding mode, whereas the output
port is regulated in grid-forming mode. Therefore, shunt and series control FACTS capabilities
are enabled for the proposed M3C based UPFC.

o  The circulating current control is enhanced using proportional-resonant controllers implemented
in the synchronous frame. This is different from the control systems previously published for M3C
applications (see [15-18,23,26]) where proportional controllers implemented in the stationary a3
frame were utilized, which cannot ensure zero steady-state error.

The rest of this paper is structured as follows: The modeling and control of the M3C are described
in Sections 2, 3, and 4. Vector control systems are used to regulate the floating capacitor voltages
as proposed in [19,20]. Simulation results considering a 10 MW model are included to validate the
effectiveness of the proposed control strategies. Finally, partial experimental results conducted with a
27-cell 5 kVA prototype are included.

2. Analysis of the M3C

The double a0 transformation has been proposed to obtain a decoupled analysis and control
of the M3C [22]. An additional transformation, referred to as ZA transformation, can be applied to
obtain a better representation of the circulating currents [23]. Additionally, the vector representation,
proposed in [19,20], can be used to apply vector control strategies to regulate the floating capacitor
voltages. In this work, the M3C dynamic model of the M3C is expressed in vector notation using the
double a f0-XA frame.

2.1. Voltage-Current Model of the M3C

Using the Kirchhoff voltage law over the topology of the M3C presented in Figure 1b, the voltages
and current across the converter can be related as follows:

Y, Vi, Ui, lar ipy lcr Oar Opr Ocr Vo, Vo, Vo, 111

_rd | o
i, Ui, Ui. | = Legp | fas fps fes | + | Uas Ups Ves | + | Vog Uoy Vo, | tUn 111 1)
Ui, Ui, Ui, lat Tpt Ict Uat Upt Uct Vo, Vo, Vo, 111

where the input voltages are denoted by v; , with x € a, b, ¢, the output voltages are denoted by v,
with x € 1,5, t, ixy stands for the cluster currents, v,y represents the output cluster voltages, L. stands
for the cluster inductance, and v, is the common-mode voltage.

The XA double-a 50 transformation is applied to (1), yielding:

0 00 iﬂ%ﬂéA i%ﬂ? ion Una UBa V0w 0 0 vy, 00 O
V310 0 0 | = Lefy |5 igd iop |+ | vap 0pp v0p | +V3 [ 0000, | + |00 0 @)
Vi, Uig Ui 120 i/go i0o Va0 Vg0 C00 00 v, 0 0 3o,

From the voltage-current model of the M3C presented in (2), it can be deduced that the input port
can be regulated using the currents ip, and ipg, whereas the output port can be regulated using i,9 and
igo- Additionally, the circulating currents i, iz, %“A, and i%é can be used to regulate the floating

capacitor voltages as they are totally independent of the other systems.
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2.2. Power-CCV Model of the M3C

The total capacitor voltage available within a cluster, i.e., Veyy = il Ve, (x € {a,b,c} and
y € {r,s,t}), is referred to as Cluster Capacitor Voltage (CCV). Assuming that all the power cells have
the same capacitance C, dismissing internal looses, and considering that the capacitor voltages are
well regulated to the demanded voltage v}, the CCVs can be related to the cluster power as follows:

Ocar Ucus Ocys Pay Pys Pat
* d ~
Coe 5 | Oy Vcys Uy | A | Por Pps Ppy 3)
Ocer Uces Ucyy Pey Pes Pet

where the cluster power is calculated as Py, = vyyiyy. Notice that in (3), the voltages UCyy have small
variations around the dc-value v}.

As mentioned before, the CCVs can fluctuate during the operation of the converter, and complex
control strategies are required at some input-output frequencies. The fluctuations of the CCVs with
those conditions are presented in Figure 2. Notice that in this graphic, V,, stands for the fluctuations
of the voltages, and the dc value of ~v{ has not been considered in V,,,. Additionally, unit power
factor operation at the input is used to obtain Figure 2.

Using simulation, the parameters of Section 5 are used to plot the CCV oscillations as a function of
the input-output port ratio and power factor. From Figure 2, it is concluded that larger CCV oscillations
are generated when f; = £ f, and the Power Factor (PF) in the output port is near zero.

A

3 i -08
PE, 0

Figure 2. Cluster Capacitor Voltage (CCV) (pu) vs. PE, vs. f, (pu).

Applying the double a0 — XA transformation, the CCVs can be presented as follows:

ZA XA XA pXA
P Ve, Ucm Vo, P Plﬁ Pou
XA XA ~
CUC E vCZu UCZ,B vCOﬁ ~ PZD( 2[3 PO‘B (4:)
Ucg Uegy Pcgo Pao PﬂO Poo

YA TA TA L TA :
Crar Vet Vesar Vepgr Vcour Vegpr Vegor and Vg represent CCV imbalances, and they should tend

to zero if the M3C is properly regulated. Additionally, v, is related to the total active power flowing
into/from the M3C and can be regulated to set the total average value of the CCVs.

The terms v
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The CCV-power model can be expressed as a function of the circulating currents and the
common-mode voltage [19,20]:

XA

cor 2 o pry L (o i, it )+ 2 (o3l o6, 38) — o )
Cot ”ﬁ%ﬁﬂ ~ PRy = % (iapfons — Dougiias) + \% (o5, 345 — 06,1505 ) — owids ©)
Co? dz’i‘f ~ P = 3% (v5,15,) - \% (0wl + 05,1505 + vy, ) 7)
Co; dz;?:ﬂ ~ Py = 3‘\% (05,415, ) + N (oiap 135 + 05, 1525 — Ot ®)

where the superscript ¢ represents the complex conjugate operator, the variables v; , and i; , represent
the input-port voltages and currents in the a0 frame, and the variables v,, 5 and i,, 5 represent the
output-port voltages and currents in the 50 frame. The CCV vectors véﬁ B 7’3::2%( B v?ﬂ 5 and vff are

independently related to the input-output port frequency conditions as follows:

¢ v hasa dominant frequency oscillation of fo— ;.

o« X4 5 has a dominant frequency oscillation of f; + fo.

D vfoﬁ has a dominant frequency oscillation of 2f;.

o vga s has a dominant frequency oscillation of 2f,.

For UPFC applications, where the input port frequency f; is equal to the output port frequency f,,
large oscillations appear just in viﬁ % and EFM control strategies must be applied.

3. Proposed Vector Control Strategy

The overview of the proposed vector control strategy for the M3C based UPFC applications is
presented in Figure 3. The cascaded control structure enables decoupled input-output ports control,
as well as decoupled regulation of the CCVs in the double a0 — A frame. The M3C control systems
are depicted in Figure 4. Notice that the acronym LFM stands for low frequency operation.

P
3 M3C J| =A- L[ cov
M>C Control "l af0® — "| References

T
Uc;r:y abe See Fig. S5(a)
— | —ap0?
Ty |(—ZA

See Fig. S(b)
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Y Output D_D_Dm_ Ty Single Cell
control control

 ——————

S

Figure 3. Overview of the control system of the M3C topology in Equal Frequencies Mode (EFM).
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Figure 4. Control system for the M3C.

3.1. Control of the Input-Output Ports

The input port control diagram is presented in Figure 5a. Similar to previous works, v, is used
to regulate the average total value of the CCVs. This imposes a direct input port current reference iy,
which is superposed on an active power current reference. Additionally, as the input port currents are
regulated in a dq frame, it is possible to regulate active and reactive power independently. It should be
mentioned that the reactive power reference can be changed from a fixed set-point to a AQ calculated
in order to fulfill shunt FACTS requirements (see Figure 8a).

On the other hand, the output port current control diagram is presented in Figure 5b. Similarly,
the current references are calculated from the reactive and active power set-points and implemented in
a synchronous dq frame rotating at f,. It is important to highlight that the control diagram of Figure 5b
is modified as explained in Section 4 to enable the UPFC capabilities.

................... \mececcccccca

] ' Average Voltage !
* [

' 3nw, i* :

' . (3 ] Control

H do1 s

]

' ¢

.

(b) 0

Figure 5. (a) Input port power control. (b) Output port power control.

3.2. M3C Control

In this proposal, the M3C control is divided into CCV control, circulating current control, and
single-cell control. An overview of the proposed control system is shown in Figure 4, and each
sub-control system is described in the next subsections.

Besides regulating the average value of all the floating capacitor voltages using the component
Uy, the CCVs, ie., vczlfﬁ, vczzfﬁ,v?f , vc(i 5 must be controlled to achieve proper floating capacitor voltage
control of the M3C.
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3.2.1. CCV Control

As the UPFC application implies equal frequencies at the input-output ports, vc 1ef is regulated
using an EFM control strategy. Therefore, (5) is referred to a synchronous reference frame rotating at

fu; = fo—fiyielding:

doZ? 1 1 .
1,14 ~ c ; :C i30; __,c +XAc,—j30 A
CUC ( + ]znful Cldq) ~ 6 (vidqlodq _vodqlidq) + \/6 (vldq lque] ! _vgdqlqu e ] 0) vnlldq (9)
Neglecting high-frequency terms, (9) becomes:
do=0
ldq 1 c s .C
Coi— E(Uid,,loazq — vgdqtidq) Voozldq1 (10)

The first term of the right side of (11) can be fed-forward to the total circulating current. Then,
(11) yields:

A

dv?
* 1dg LA 11
CUC a ~ —V00’1dq1 ( )

The first term of the right side of (11), i.e., a product of circulating currents and common mode
voltage, is used to mitigate the oscillations in vZAﬁ in a dq rotating frame as shown in Figure 6a.
The common-mode voltage and the dg circulating currents should be in phase to efficiently produce

adjustable power flow to drive the CCVs to zero. These variables are defined as follows:
it = Lige! f();iggn" = Loge” f(£); 00 = Voo 8(#) (12)

where f(t) is defined as f(t) = Ajsinf, + A3sin36,, with the angle 6, set at a relatively high
frequency. The function g(t) is defined as g(t) = sign{ f(¢) }. The amplitudes of the constants A;, A3,
and Vj are chosen to reduce the peak of the circulating currents as proposed in [29]. More details about
the selection of the circulating currents and common-mode voltage were detailed in [20]. Additionally,
an analysis of the magnitude and frequency of the common-mode voltage was presented in [29].
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Figure 6. (a) EFM control strategy of vcl " and Different Frequencies Mode (DFM) of vCZ e (b) DFM

Bandv

control strategy of v, cap”

In the case of the remaining CCV vectors, DFM control is applied as shown in Figure 6. As the
szfﬁ, v?f , and vc(i have frequencies of f; + fo, 2f;, and 2f,, respectively, it is assumed
that the capacitance of each power cells is sufficient to attenuate the frequency oscillations, and only
the average value of the CCVs is regulated. Then, the CCVs are filtered to obtain their average values,

and (6)—(8) yield:

oscillations in v



Energies 2020, 13, 953 8 of 18

d_sa TA
Co} avczw = nigg,
d —ap v"dqllqu
Cog 7700 = RV (13)

XA

The average value of the vector v s

is regulated using circulating currents and common-mode

voltage, as presented in Figure 6a. On the other hand, vectors vffoﬁ and v?“ , are regulated using

circulating currents in phase with the input and output voltages as presented in Figure 6b.
From (13), it is straightforward to identify the circulating current components required to regulate
the average value of the CCVs, which are obtained from the control diagram presented in Figure 6.

3.2.2. Circulating Current Control

The output of the EFM and DFM control systems set the references of the circulating current
control. As there are four CCV vectors and just two circulating current vectors, superposition of the
references from the EFM and DFM control system is used:

Ak XA XA
110615* - llrxﬁ*l + llzxﬁ*z

Ak YAx A%
1204,8 - lZaﬁl + 12&,32

(14)

The proposed circulating current control system is shown in Figure 7. The circulating currents are
referred to the XA double-a 50 frame to be regulated by the proposed controller. Each circulating current
is controlled using Proportional Multi-Resonant (PMR) controllers, which are tuned to regulate the
circulating current harmonics produced by the CCV control systems. This is certainly an improvement
over the conventional control approach where proportional controllers are used [15-18,23,26].

The output of the control system shown in Figure 7 is the cluster voltage references in the XA
double-a S0 frame, i.e., vﬁAﬁ*, v%fﬁ*, vgﬁ *, vg’lg. These voltage references are referred back to the abc-rst

frame to be processed by the single-cell control.

EFM
Control

From Fig. 6(a)

[ R cossfecccheccccnaa deccccccsnnnnnannne .

abe/rst

Proportional —

- ozﬂ(]2 Multiresonant
— YA Controller

Figure 7. Proposed proportional resonant control system for the circulating currents.

3.2.3. Single-Cell Control

The cluster voltage references are referred back to the abc-rst frame using the inverse XA

double-x 50 transformation. At this point, one cluster voltage reference is obtained for each cluster v}

xy’
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where x € {a,b,c} and y € {r,s, t}. Finally, these voltages are controlled by the single-cell control to
obtain the voltage reference for each cell as proposed in [7].

4. UPFC Control System

The M3C based UPFC topology is shown in Figure 8a. The input port of the M3C is connected
to bus 1 to provide shunt FACT capabilities, whereas, the output port is connected to bus 2, and it is
controlled as a series FACTS. The control strategy used to enable UPFC capabilities in both ports is
presented in Figure 8b, and it is based on [30-34]:

a
=) P, Qs Vialbia P2, Q2
) ISTRAT i > p——
IQ Zqﬁ? . 3 comtrol

—>

i +1
-P‘i 3 Qi \

| Y4 9,: 1 Input/Outputport

V146,
[ P, Q 4
y o
current Control to

M3 C Fig. 5(a) and Fig. 5 ()

from Fig. 5(a)

Parallel Serial
Port Port =

Quipui-port
conirol
from Fig. S(b)

Figure 8. (a) Detailed proposed M3C-UPFC topology. (b) Proposed M3C-UPFC control system.

4.1. Shunt Control FACT

In this case, the input port uses a similar control strategy as the direct power control shown
previously in Figure 5a, operating in grid-following mode and oriented along with the voltage of bus
1. In order to represent voltage variations in bus 1, droop control is implemented at the M3C input
port. The voltage variations are imposed by the reactive power AQ, which corresponds to the reactive
power required at bus 1.

4.2. Series Control FACT

The M3C output port is regulated in grid-forming mode as shown in Figure 8b. The proposed
control strategy allows the regulation of the voltage vcqp. The controlled voltage is injected in series to
the grid using a transformer as shown in Figure 8a. For the sake of simplicity, the transformer relation
is 1:1 and then v,y = v1p.

The proposed control system regulates the amplitude and phase of v1, using a nested control
structure implemented in the dq frame. The output port voltage module is determined by the ratio
among the transferred power and the bus 2 current:

vty — kL2 (15)
1
where the constant k is dependent on the selected «80 transformation. Additionally, the angle
reference is given by the required power factor of the injected power:

01, = ¢2 + Ap” (16)

It is important to mention that the dg control is oriented with 6;. Then, the dg references are

calculated as follows: .
V1pg = Viosin(67,) (17)
Ufzq = —Vipcos(67,)
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5. Simulation Results

Simulation results of a 10 MW M?3C based UPFC were obtained to validate the feasibility of the
theoretical work proposed in this paper. The model was developed in PLECS, and its main parameters
are presented in Table 1.

Table 1. Simulation parameters.

Simulation Parameter Value

Nominal power 10 MW
Cells per branch 5
Input port voltage/frequency f; 5.5kV/50 Hz
Output port voltage/frequency f, 5.39 kV/20-60 Hz

Cluster inductor L, 1.3 mH
Single-cell C 7000 uF

Single-cell capacitor voltage 3kV

Common-mode voltage magnitude Vj, 2kV

UCC [35] 141.75 ms

The control strategies proposed in Figures 3—6 were implemented using the model described
in (5)—(8). The simulation results included three cases. The first test was carried out to verify the direct
power control. The second test analyzed the behavior of the proposed CCV control with a focus on
validating the proportional multi-resonant controller performance. Finally, the third test verified the
operation of the M3C as UPFC.

In all the tests, f; = f, and EFM was applied to vczlfﬁ, while DFM was applied to vczzfﬁ,v?oﬁ ,and vc(i 5
The common-mode voltage had an amplitude of 2 kV. Moreover, the common-mode voltage was
defined as in Figure 5b with a frequency of f, = 90 Hz and third harmonic injection for the circulating
currents [20].

Simulation results for the proposed direct power control are presented in Figure 9.
The effectiveness of the control system was proven under different power conditions. Int =25,
the active power references decreased to 50% of the nominal value in both ports. At the same time,
the reactive power of the input port Q; was set to 0.5MVA, whereas the reactive power of the output
port Q, was set to —0.5MVA,. This operational point yielded large voltage oscillations, as shown
in Figure 2, due to the M3C operating in EFM and the power factor of both ports was not unitary.
Thereafter, in t = 4, the M3C operates with a unit power factor at both ports. During all the tests,
the CCVs were properly regulated to their reference v} = 15 kV as shown in Figure 9a. Regardless
of the complex operating point between t = 2 s and t = 4 s, the CCV vectors were successfully
controlled as shown in Figure 9b, and the ripple was bounded inside a 500 V band, which represented
approximately <5% of the CCV reference voltage (15 kV). Additionally, Figure 9c verifies that the
decoupled control of the power flows between ports was successfully obtained. The active and reactive
powers tracked their references during the transition to opposite power factors (Intervals 2—4 seg).
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CCV (KV)

ccv
Vectors (KV)

Input-Output port
Power (MW-MVAr)

()
Time (s)
Figure 9. Test 1 results. (a) CCVs. (b) CCV vectors in the XA double-x S0 frame. (c) Active and reactive
power at the M3C input and output ports.

5.1. Test 2: Proportional Multi-Resonant Controller Performance

The results for the CCV vector control methodology (originally proposed in [20]), which utilises
proportional controllers for the control of the circulating currents, are presented in Figure 10. Results
for the proposed proportional multi-resonant circulating current control (see Figure 7) are presented
in Figure 11. In order to address a fair comparison, in both cases, the M>C was operated with a
unitary power factor and nominal power, and the common-mode voltage had an amplitude of 2 kV
with a frequency of 90 Hz. Furthermore, there was a 20 ms time window to visualize the frequency
components in the circulating currents.

ccv
(KV)

CcCcv
Vectors (KV)

Circulating
Currents (A)
=
|

g<
EF
ik
S3 -0 | .

(d)

DA LA
22 sof T T T T T T T b La
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2E WMWY VYWY Y vy
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3 \ \ \ \ ! \ \ \ \
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22 L T T T T T T T 28 )
35 oYYV Y Y YYYNAN G A AV YY)
E5 w0 1

a \ \ \ . \ \ \

I
1.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94 1.96 1.98 2

(®
Time (s)

Figure 10. Test 1 results using proportional controllers. (a) CCVs. (b) CCV vectors in the A double-x 50
frame. (c—f) Circulating current components in the XA double-a0 frame.
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Figure 11. Test 2 results using a multi-resonant controller. (a) CCVs. (b) CCV vectors in the XA
double-a B0 frame. (c—f) Circulating current components in the A double-a 30 frame.

As the EFM control of vczlf and the DFM of vczzf implied the injection of common-mode voltage,
the multi-resonant controllers were tuned at f, Hz and 3f, Hz to interact with the common-mode
voltage and its third harmonic component. Moreover, the DEM control of vfoﬁ and v?a g implied the
interaction with the input-output port voltages (see Figure 6b and (13)), and then, the corresponding
multi-resonant controllers were tuned also at f,£(f; + fo) Hz and 3£, £(f; + fo).

The CCVs were successfully regulated to their nominal value of 15 kV as shown in

SA YA 0B 0
Crap” VcansrVc0 7 and vcaﬁ) was

Figures 10a and 1la. Additionally, the regulation of CCV vectors (v
similar using both strategies, as shown in Figures 10b and 11b.

Although both results presented comparable behavior, better regulation was obtained in
circulating currents by using the method proposed in this paper. Comparing Figure 10c—f to
Figure 11c, it was observed that zero steady-state error was possible when the proposed proportional
multi-resonant control was used. What is more, the amplitude of iﬁ% was reduced from 100 A (see
Figure 10c,d) to 50 A (see Figure 11c,d). Considering that the cluster current of the M3C was composed
of the sum of the input, output, and circulating currents, this reduction in i%fﬁ has a positive impact on
cluster current stress.

5.2. Test 3: UPFC Control

Results for a 10 MW M3C based UPFC are presented in Figures 12 and 13. In this case, the input
port was connected to bus 1 utilizing a shunt FACTS connection, whereas the output port was
controlled as a series FACTS to manipulate v1,. The main variables of the shunt connection are
shown in Figure 12a—c, and the main variables for the series connection are presented in Figure 12d,e.
Additionally, the variables of the M3C are presented in Figure 13.
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Figure 12. (a) Direct voltage at bus 1. (b) Active power flows in the shunt port. (c) Reactive power
flows in the shunt port. (d) v1, direct and quadrature components. (e) Active power flows in the series
port. (f) Reactive power flows in shunt port.
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Figure 13. M3C operating as UPFC: (a) CCVs. (b) CCV vectors in the ~A double-a0 frame.

In Figure 12a, the direct voltage at bus 1 is presented. This voltage was controlled to not exceed a
£5% band. The active and reactive power components provided by the system (P;, Q1), transferred
to bus 2 (Pj, Q12), and compensated by the M?3C (P; and Q;) are presented in Figure 12b,c. Voltage
control support was provided by the M3C through the injection of reactive power in the shunt port,
as shown in Figure 12c.

The active and reactive powers at bus 1 are presented in Figure 12b,c. The power provided by
the system (P, Q1), the power transferred between bus 1 and bus 2 (P and Q1), and the power
compensated by M3C (P; and Q;) were regulated to provide voltage control support through the
injection of reactive power. For instance, in ¢ = 2, the load connected to bus 2 was inductive, and the
M3C injected reactive power to bus 1 to keep the voltage bounded in a range of +5%. After that,
the load became resistive, and the reactive power injected by the M3C was null. Finally, the load
became capacitive, and the M3C consumed reactive power to keep the voltage in bus 1 inside the
range mentioned above.

In Figure 12d, the direct and quadrature components of the series voltage v;, are presented.
This voltage was regulated using a grid-forming strategy. As presented in (15)—(16), a constant angle
of 30° was used. The total required power to bus 1 (P;; and Q17), the required power by the load and
the line (P, and Q,), and the series power injected by M>C (P, and Q,) are presented in Figure 12ef.
In t = 2, the magnitude of the voltage v1, was regulated at a fixed value of 5.5 kV, and its angle was
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adjusted to produce series compensation of the load consumption. Then, the M3C could inject or
absorb active and reactive power at its output port, modifying the power flow in the line between
bus 1 and bus 2.

Finally, the M3C main variables are presented in Figure 13, and the main M3C variables are
shown. The CCVs are presented in Figure 13a, and the CCV vectors are presented in Figure 13b,
exhibiting a correct steady-state performance in both cases.

6. Experimental Results

In this section, experimental results for direct power control of an M3C based UPFC are presented.
The experimental prototype is shown in Figure 14. The prototype was controlled using a Texas
Instrument 6713C DSP board, equipped with three FPGA boards and additional external boards for
computer communication and analogue-digital conversion. The power stage was composed of 27 full
bridge power cells and nine 2.5 mH inductors. Each power cell was connected to a 4.7 mF floating
capacitor. The output-port was connected to an Ametek Programmable power source, Model CSW5550,
whereas the input-port was connected to a Ametek Programmable power source, model MX45.

Experimental results for the M3C prototype are presented in Figure 15. In this case, the direct
power control strategy presented in Figure 5 was applied to regulate the input and output currents,
whereas the M>C was operated using the control strategies described in Figures 3, 4, 6, and 7.

27 cells M3C
Power Stage

Programmable
Power Source
Machine-side

Figure 14. M3C Laboratory prototype.

Figure 15. Experimental results.
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6.1. Test I: Steady-State Operation

The M3C operated with unity power factor injecting 3 kW to the output-port. The input/output
port voltages were regulated to 200 V (peak value phase-to-neutral), and each capacitor was regulated
at 150 V.

Scope waveforms of the voltages and currents of the M3C are presented in Figure 15. From top to
bottom, the following variables are shown: one of the M3C capacitor voltages vc,,,; the cluster voltage
Uqr; and the output and input voltages v; , (purple line) and v,,, (blue line).

6.2. Test II: Direct Power Control

In this test, the active and reactive power components of both ports were independently controlled.
Step changes in the active and reactive power were imposed during the test. The 27 capacitor voltages
were well regulated to v} = 150 V regardless of the changes in the input-output powers, as shown
in Figure 16a. Additionally, the input active power, input reactive power, output active power, and
output reactive power are presented in Figure 16b.
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Figure 16. Experimental results for changes in the input-output power components.
7. Conclusions

A vector control strategy of an M>C based UPFC was proposed in this paper. The modeling
and control of the converter were described and analyzed in the XA double-aS0frame, permitting the
implementation of cascaded vector control strategies. Moreover, the control of the M>C was improved
by the introduction of proportional multi-resonant controllers that effectively regulated the circulating
currents regardless of the frequency components and with zero steady-state error. The proposed
control strategies regulated the input port in grid-feeding mode to provide shunt FACTS capabilities.
At the same time, the output port was regulated in grid-forming mode to provide series FACTS
compensation. Simulation results were presented to validate the effectiveness of the proposed control
strategies. Results showed that the introduced multi-resonant circulating current controllers had
adequate behavior and could reduce the circulating current requirement. Furthermore, the proposed
control strategy for UPFC applications was verified for shunt and series FACTS control capabilities,
while precise control of the M>C was achieved.
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