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Featured Application: The control method proposed in this work can be applied to power con-
verters operating in multi-terminal high-voltage dc systems.

Abstract: This paper proposes a decoupled control of a de-dc modular multilevel converter (MMC)
based on a double-T topology intended for multi-terminal high voltage direct current (MT-HVdc)
transmission systems or emerging distribution systems operating in medium voltage direct current
(MVdc). The aim of the proposed control strategy is to obtain an input current with reduced harmonic
content and to eliminate the output ac common-mode voltage, which is not allowed in MT-HVdc
systems. The control strategy consists of injecting two circulating ac currents and two dc currents that
allow the energy balance between the arms of the converter and the general energy balance of the
topology. The dc and ac currents are decoupled and allow control over load variations and reference
changes in the dc-links. The proposed topology is mathematically modeled and the control method
is then derived. Simulation results are presented to validate the proposed system.

Keywords: dc-dc power converters; modular multilevel converters; MT-HVdc converters; HVdc
grids; MVdc grids

1. Introduction

A fundamental aspect of electric power systems is the efficiency of transmission lines
from generation centers to consumption ones. This problem has led to important research
and technological development in recent years [1-3]. Currently, most of the transmission
grids in the world are based on high-voltage alternating current (HVac). However, HVac
grids present serious limitations when it comes to transmitting at large distances [3-8], then
power transmission in HVdc is the preferred alternative and has been largely implemented
in different electrical systems around the world [9-12]. For instance, the 1100 kV Ultra-
HVdc line transmission in China [11] or the £650 kV Kimal-Lo-Aguirre HVdc transmission
line in Chile [13]. In the future, it is expected there will be an increase in the number
of long-distance HVdc transmission systems [14-16]. On the other hand, an important
configuration in HVdc grids is the multi-terminal connection grids (MT-HVdc) [17-19]. An
MT-HVdc grid consists of the interconnection of three or more HVdc sub-stations with
different voltage magnitudes (see Figure 1).

In MT-HVdc grids, there could be bidirectional power flows between the different ter-
minals, therefore dc-dc converters are required to adapt the voltage levels of the individual
substations, as shown in Figure 1 [20].

In recent years, research has been carried out on dc-dc converters for HVdc systems [21-24]
and recently for MVdc grids [23]. Several power converter topologies for HVdc systems
have been reported in the literature [25]. In particular, modular multilevel converters are
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very attractive for this type of application [26,27], since they offer bidirectional power flow
capability and low distortion in the input and output currents. Variations of the standard
MMC structure have also been proposed, such as the resonant MMC [28-31], or the novel
double-Y and double-Pi topologies [32-35].

-

dc-dc

converter

Figure 1. Schematic of a multi-terminal HVdc system.

In this paper, a decoupled control strategy for a dc-dc converter intended for MT-
HVdc applications is presented. The topology has been called double-T since it is built
with two T-structures (see Figure 2). The proposed MMC operating with the presented
control method exhibits the following features: no common-mode voltage at the converter
output, the minimum number of cells to build the topology, and null ac components in the
input current. The operating principle of the converter is described in detail as well as the
proposed control strategy. Simulation results are presented to validate the control method
and a sensitivity analysis is carried out to evaluate its performance under variations of the
converter parameters.

Hvdc , ) e Hvdc ,

- . . =

Figure 2. Double-T topology, with two T-structures called T} and T5.

The remainder of the paper is organized as follows. In Section 2 the mathematical
model of the converter is presented. Section 3 describes the operating principle of the
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topology. The control strategy proposed is derived in Section 4 whereas the simulation
results are presented in Section 5. In Section 6 Brief Sensitive Analysis is presented. Finally,
the conclusions are stated in Section 7.

2. Converter Model

A schematic of the converter is shown in Figure 3. The converter is built with two
T-structures (T; and T) with three arms each. In turn, each arm is built with an inductor L
and N cascaded H-bridges named series, derivation, and output stacks. The use of H-bridges
in the stacks allows the possibility to operate with bidirectional power flow. Moreover, the
inductors are required to couple the ac voltage components produced by each stack for
current control purposes. The resistor R represents the equivalent resistance of the inductor
and each T-structure is grounded through a derivation stack.

R NF u/l-Bil;idgeAS'

I (([(’] (l) i} :

Figure 3. Scheme of the double-T topology.

Derivation,

Figure 4 shows the average model of the converter in terms of the voltages and
currents in each arm of the topology. Time-varying voltages vs, , (t), Vg, , (t), and vo, , (f)
are produced by stacks series, derivation, and output, respectively. These time-varying
voltages are dependent on the arm currents ise, , (t), ige, , (), and i, , (t), respectively. V; is
the dc input voltage. V, is the converter output voltage which has a dc component and
harmonics multiple of the switching frequency. In an MT-HVdc grid, V; is another terminal
and can deliver power to V;.

L R
>
L UM ioz(t)

Vde2 (t)

i(f) )
V; Vo
<t>HVDC1 Ct>HVDCZ

Figure 4. Average model of the double-T topology.
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Applying voltage and current laws to the meshes, then the main equations defining
the average model can be derived:

Vi = Ldisedlt( ) - LdZdzllt( ) + R(isel(t) - idel(t)> + Vse1 (t) + Udel(t) (1)
Vi = Ldisz;t(t) - Ldidjt(t) + Risea (£) — igea(t)) + Dsea (t) + vgea(t) @)
0= L84 4y ) 4 R (1) 4 i (1) gD T oD 4V )
0= B2l 4 ) B2 | Riiyo(t) 4in) - vua®) 4o+ Ve @)
idel (t) = iol(t) - isel (t) (5)

ideZ(t) = i02(t) - iseZ(t) (6)

—1i(t) — ige1(t) —igea(t) +io(t) =0 )

The voltages vse,, (), Vge,,(t) and v,,,(t) are defined in (8)~(10) where S;,,(t),
Side,(t) and S;,, , (t) are the switching functions of each sub-module (H-bridge) of each
stack of the topology. The value of the switching functions can be either —1, 0, or 1. Finally,
C; are the capacitors of each sub-module.

vy (s
vsel,z(t) - ];11221 Cl /( se; (t) Sl,se]- (t)) dt (8)
2 N .,
Vdey » (1) = ];l; C /(ldej(t)'si,dej(f)) dt )
v 1oy
zWM—;;Q/@m1¢Uw (10)

From (1)—(7) it is possible to obtain the expressions for the instantaneous currents.
Let x(£) = [io1(t) ioa(t) ise1(t) ise2(t)]” be the state vector of independent currents and

u(t) = [0se1 (F) Vse2(t) Vge1 () Vgen (£) vo1(F) voz(t)]T the control variables vector, the state-
space model is given by:

vsel(t)
01( ) ol(t) -1 0 1 0 -2 0 UseZ(t) Vi =2V,
d |in(t) _ R [ ip(t) " i 0o -1 0 1 0 2| |vger(t) n V-2V, (11)
dt ise1(t) L ise1 (1) 3,|-2 0 -1 0 -1 0 Vgea (1) 2V, -V,
lseZ(t) 15L2(t) 0 -2 0 -1 0 -1 vol(t) 2V =V,
Uoz(l’)

3. Operating Principle

This work considers an approach based on the energy balance between the stacks of
the converter. To achieve this balance ac and dc voltages and currents are employed to
transfer energy to and from the different stacks. Figure 5 shows a simplified model using dc
voltages Vsey s Vdeu/ Voo and ac voltages Usey 2/ Vdey 50 Vor 5 that are produced by each stack,
under steady-state operation. The dc voltages are obtained by applying voltage law to
the arms of the topology; their values are Ve, = (V; = V,) and Vd€1,2 = V,. For control
purposes the dc voltages of the output stacks are zero. If V;,,, = 0, the energy transferred
by the output stacks due to dc components is minimized, and it is associated mainly to ac
voltages and currents.



Appl. Sci. 2023,13, 3778 50f17

Figure 5. Simplified scheme of the topology with ac and dc voltages and circulating currents.

The ac voltages vs,1 2, Vdey s Voy s have sinusoidal waveform as +v,, = £V, sin(27tf.t),
where f, is a fundamental frequency. The sign of V,, depends on the control objective and
on the circulating current, in this case vs1 = —0y, Use, = U, Vge; = +0u, Vge, = +0u,
Vo, = +vy and vy, = —v, (see Figure 5). These ac voltages are intended to interact with the
circulating ac currents i,; and 7, to achieve the energy balance of the converter.

The ac circulating currents can be expressed as i,; = I,3sin(2ntfct) and
iyp = Ipsin(27ft). These currents are aimed to allow the energy balance of the derivation
(i,1) and output (i,2) stacks. Additionally, dc currents I 2, Lje12, Ip1,2 circulate in all arms
of the topology. The dc currents I, allow the energy balance of series stacks. Using
expressions (1)—(7), neglecting the series equivalent resistance R of the inductor L and
neglecting the product wL which is comparatively small with respect to the product VI, it
is possible to calculate the power equations of each stack as defined in (12)—(17). With the
operating principle of the topology and the model defined in Section 2, the control strategy
can now be derived as presented in Section 4.

dW , ,
Py = S22 = [ o (1) iaa (1)t = (Vi = Vo)loe, = 00 (12)
dW, . .
Pae, = dte1 - /Ude1(t)'1de1(f)dt = —Volae, + vu (fu1 — fu2) (13)
dW : 4
Py = dtm = /001(t)'1o1(t)dt = Uu tu2 (14)
dW , ,
Pse, = d)}se2 - /USeZ(t)'lsd(t)dt =(Vi— VO)IS‘fZ ~ Oulul (15)
AW, . .
Pge, = dtez - /Udez(t)'ldez(t)dt = —Volge, — Vu (—iu1 +1u2) (16)
dw, . ,
P, = dt02 = /vgz(t)-zoz(t)dt = 0y Tu2 (17)

4. Control of the Double-T Converter

The control strategy is based on the average energy balance of all arms of the converter.
The control scheme is composed by three stages: average energy control on each stack;
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current control with references obtained in the energy control; and stack internal control
for the equalization of the dc-link voltage in each submodule.

A.  Energy Balance of Stacks

Using expressions (1)-(4) and (11) and knowing that the independent currents of
the topology are four, the control system is designed. Taking into account the energy
balance approach, the energy of the series stack is controlled by I, (see (12) and (15)) via a
proportional-integral (PI) controller. For derivation stacks, the control action is performed
by the ac current i,; whereas for output stacks, the energy control is carried out by the ac
current i,5. It should be noted in Figure 5 that i,,; and 7, circulate through both T-structures.
Therefore, for the energy control of the converter, there are four PI controllers.

To impose the dc currents I, and I, from energy series; » controllers, another two PI
controllers are used. As the energy control loops and the current control loops are nested,
in this work they are decoupled using natural frequencies wj, of the controllers in a ratio
of 1/70. The natural frequency of the series; » energy controllers is wy,, and the natural
frequency of the current controllers is w;,,, then wy,. /wy, = 70. Figure 6 shows the control
scheme for the energy balance of the series stacks.

Id eq
to modulators
of series; stack

( s*el + Wjel + W0*1)

L L
Ll oL

L
T

L
T

Energy Current ]
controller I se controller F “

to modulators
of series, stack

~

R *

+

N

)

N

+

3

N
&
®
N

L
-

&

Current
controller

i)
-

L

controller

(M/Sez + Wdez + WOz)

Figure 6. Series stacks energy and current control scheme.

To impose alternating currents i,; and i,, from energy controllers in derivation stacks,
proportional-resonant (PR) controllers are used. In this work, the frequency used for
iy1 and i, is fo = 500 [Hz|. This frequency should consider the “trade-off” between
switching losses in the H-bridges and the dynamic response in the derivation energy balance
controllers. Additionally, in this work, for the proposed operating point, the magnitude of
vy is constant as V;, = 0.7V,,. The value of V,, is fundamental for the energy control of the
derivation and output stacks. It is desired for V}, to be high so that the dynamics of the control
are fast, but it must not exceed the maximum output voltage to avoid overmodulation
and the consequent voltage distortion. For the simulation study V,, = 9.1 kV. Since the
output direct voltage is V, = 13kVpc, then Vi, = 13 kV + 9.1 kV = 22.1 kV is within the
value that the converter arm can deliver. The maximum value to be delivered by the arm
is Varmpay = 3 kV-8 = 24 kV. Figure 7 shows the energy balance control scheme of the
converter stacks.
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Figure 7. Derivation and output stacks energy and current control scheme.

B.  Intra-Stacks Voltage Balance

The balance of the dc-links voltages of each stack is carried out by exchanging power
between a quadrature current i, that circulates in addition to the energy balance currents.
This current can be defined as i; = I, sin(w,t + 71/2) and is phase-shifted 90° with respect
to i,1 and i,5. Then, iy; + i; and i, + i, are the currents circulating internally in the
converter. Moreover, in each sub-module there is a voltage vy, = Vj, sin(wct + 7v/2) that
is in phase with the current i;. This allows exchanging power and generating the internal
balance of the stacks keeping the dc-links of the N sub-modules with the same voltage. This
voltage balance controller is based on a proportional (P) controller that receives the average
value of the N dc-links voltages. The controller output is multiplied by sin(w,f 4 71/2) and
Viaty 18 then generated. Finally, as i; is in quadrature with respect to the currents i,; and
i,2, the intra-stack balance acts decoupled with respect to the energy control.

C.  Decoupling Energy Balance Control

According to Equations (12)-(14), if these expressions are added, then (18) is obtained.
In the same way, if (15)-(17) are added, the expression (19) is obtained.

Psel + Pde1 + P01 = (Vz — Vo)Isel — VOIdel (18)

Pse, + Pdeg + Po, =y ) (19)

Equations (18) and (19) are used to design the series stack energy controllers. The dc
currents Iz, , are added to obtain a feedforward compensation (see Figure 7). This leads to
an improved energy balance dynamic of the dc-links of the series stacks. In the same way
for the design of the derivation stacks energy control loops, if the (13), (14), (16), and (17) are
added, the result is (20). In Figure 7 the implementation of the control strategy can be seen.
For the control design of output stacks energy loops (output; and output,), as there is no
power transfer of DC components, this decoupling principle does not apply.

Pdel + P01 + Pdez + P02 = ZZ)uiul sz (Ide1 + Idez) (20)
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5. Simulations Results

Simulations are carried out considering the parameters in Table 1. Since 8 sub-modules
per stack are used, the topology comprises a total of 48 H-bridges. The input and output
voltage values have been defined for a typical MVdc distribution system.

Table 1. Simulation parameters.

Description Value
Input voltage, HVDCy = V;, 23000 [V]
Output voltage, HVDC, =V, 13000 [V]
Rated output power, Pyt 1.25 [MW]
De-links capacitors, Cse,, = Cge,, = Coy, 1 [mF]
Arm inductances, L 2.5 [mH]
Series equivalent resistance of inductors, R 50 [mQ)]
Dc-links reference voltage 3000 [V]
Frequency of ac circulating currents 500 [Hz]
Number of H-bridges per stack 8
Number of arms 6
Switching frequency, fsw 2 [kHz]

Since the focus of this paper is on the control strategy for the double-T topology,
the design aspects of the converter are not addressed in detail. However, general design
procedures reported in [32,34,35] were followed.

Regarding the nomenclature used to show the results, the capacitor of the first H-
bridge of the series; », derivation; 5, and output; » stacks will be called Uclynr Uclgers and
Uc1,, ,, Tespectively.

In the first test, simulations for load changes applied att =0.4s,t=0.8s,and t =1.2,
are performed. Figure 8a shows one dc-link voltage per stack. As can be seen, the energy
balance controller responds satisfactorily and very small variations in the dc-link voltages
are obtained when the load changes. The voltage reference for all the dc-links has been set
to 3 kV. Figure 8b shows the output power. From 0.8 to 1.2 s the output power is nominal.

Vetgeq Velger Vclges Vele,
T BPS—
Py (@)
Vs
0 0.5 1 1.5
Tine ) (b)

Figure 8. (a) One dc-link voltage per stack. (b) Converter output power.

Figure 9 shows the 24 voltage waveforms of the dc-links of the T; structure whereas
Figure 10 shows the dc-link voltages associated with the T; structure. An accurate response



Appl. Sci. 2023,13, 3778

90f17

vClsel

of the control scheme can be appreciated, with a minimum variation on the dc-link voltages
when the load varies.

Ve2geq Vc34eq Veage, Vc6ses Ve7ser Veggeq

v

vCZde1 V3 geq vC4’del vC(’del vC7de1 1]Csdel

Clger
3k /\,/—\
vClo]_

(b)

vczol UCVS;m UC401 1]Cf’al vC701 17(:801

3.5k

3k
2.5k
2k
1.5k

1k

(=)

vClseZ

0.5 1 1.5
Tme () (C)

Figure 9. T} dc-link voltages. (a) series; stack. (b) derivation; stack. (c) output; stack.

vczsez UCgSUZ vC4’seZ UC6S(’Z 1](:7592 vcgsez

3.5k

1.5k
1k

3k
2.5k
2k

vCldez

(a)

Ve24e, Ve3¢, Veage, Vc6ge; Ve7 ez Ve ge,

4K

3k
2k

1k

vCloz

(b)

vczoz Ve3,, 175402 Vceo, vC702 vCSoZ

3.5k

3k
2.5k
2k
1.5k

1k

(=)

0.5 1 1.5
Tine ) (C)

Figure 10. T, dc-link voltages. (a) series) stack. (b) derivation, stack. (c) output, stack.

The converter output voltage and input current are shown in Figure 11, both presenting
very low ripple. The spectra associated to these waveforms are shown in Figure 12. In both
waveforms, the THD is lower than 1% with respect to the fundamental frequency, which
in this case is 0 Hz. The average voltage value is V,,,,, = 13 kV and the average current is
Lingy,, = 53 A. As the number of sub-modules per stack are 8 and the switching frequency
is 2 kHz, the harmonic components appear around 32 kHz (since the H-bridge doubles the
equivalent switching frequency).
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Figure 11. (a) Output voltage. (b) Input current.

A Voy, = 13kV

187.5
125

THD, < 1%
62.5 o

-, ) - lllllljlllln /
b ) S~ (@)

0.3125

0.234375

0.15625 THDIm <1%

78.125

N

10k 20k 30k 40k (b)

Frequency Hz)

Figure 12. (a) Output voltage spectra. (b) Input current spectra.

Figure 13 shows the currents of each converter arm. The currents in the series and
derivation stacks are shown in Figure 13a,b, respectively. It can be noted that these currents
have both ac and dc components. On the other hand, the current in the output stacks in
Figure 13c is mainly dc with a small ac component. It is important to note that the currents
ise1 and isp must be phase-shifted 180° so that the converter input current I;;, has negligible
ac component (see Figure 11b).

Figure 14 shows results for power variation and changes in the dc-link voltage ref-
erence. One dc-link voltage per stack is shown in Figure 14a and the output power is
presented in Figure 14b. At t = 0.5 s a change in the reference of the dc-link voltages from
3kV to 3.6 kV is applied. The opposite change is applied at t = 0.8 s. Good dynamic
response of the dc-link voltages in every stack can be observed.
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isel ®) isez ()
| lde1 () ige,(t) (a)

Lo, (1)

ioz ()

(b)

60
M{ MM’W’N\
® WWMMW{M

(il m I i APl i I h
W I MWWMWMW{\ WJW . w:':vw&u MMWWMW WWWMWWWMW wim '\')Ijm Wmmmj(\ (il MWWMWWMM VI\[\ v:m wwwmm m

“ s
30
20
10
o
1.006 1.008 101 1012 1011 1.016 1018 (C) 1.02
Tine ()
Figure 13. (a) is, (t) and i, (t) currents. (b) iz, (t) and iy, (t) currents. (c) iy, (t) and iy, (t) currents.
1]Clse‘l vClseZ Ve1geq Ve1ge, Vc1,, Ve1y,
4k
3 [ M@efe;
2k
1k
0
P, (a)
1.4M o
1.2M N
™M
800K
600k
400k
200k
0
0.2 0.4 0.6 0.8 1
Tine () (b)

Figure 14. (a) One dc-link voltage per stack. (b) Converter output power (for for dc-links voltage
control reference changes).

Figure 15 shows results for variations in the input and output voltages. In the case of
the output voltage, the control reference is varied. Figure 15a shows the waveforms of one
dc-link voltage per stack. Changes in the output voltage reference take place at t = 0.4 s and
t = 0.8 s, whereas a change in the input voltage is applied at t = 0.6 s. In every input/output
voltage variation applied, the fast and accurate response of the dc-link voltage control
system can be observed.
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v v 1% v v
Cise1 Ciger Clde1 Clde2 C1o2
4k

3k
2k

1k
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20k
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10k
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(b)
16k I/O

12k MMWWM d
8k

4k

1
Tine () ()
Figure 15. (a) One dc-link voltage per stack. (b) Converter input voltage (c) Converter output voltage.

6. Brief Sensitivity Analysis

A study to validate the performance of the control system under changes in parameters
of the converters is carried out. Variations of the capacitances and inductances of the
converters are considered, and the parameters of the controllers are not changed.

6.1. Case 1

The value of the capacitors are set to Cse; = 1 mF, Cs,, = 0.99 mF, Cy,, = 1 mF,
C4e, = 1.01 mF, C;; = 1 mF, and C,, = 1.01 mF. It should be mentioned that all the
capacitors in a single arm are equal. The dc-link voltage reference is 3 kV and the converter
operates with nominal load.

Figure 16 shows the dc-link voltages obtained. As can be seen, the control response is
still accurate reaching the reference in short time and without error in steady state.

v v % v
Cise1 Cise2 Clde1 Cide2 C102

4k

3.5k

3k

25k ||

2k

1.5k

0 0.1 0.2 0.3 0.4

Time (s)

Figure 16. Dc-link voltage waveforms for case 1.
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6.2. Case 2

In this second analysis, the values of the capacitors are: Cse; = 0.98 mF, Cso, = 1.02mF,
Cae, = 1 mF, Cg,, = 1.02mF, Cp; = 0.98 mF, and C,, = 1.02 mF. The results are shown in
Figure 17. Again, a good response of the control system and zero steady-state error are
obtained.

(% D, (% (% v (%
Cige1 Clsez Clder Cldez €101 Cio2

4K
3.5k
3k ; uh“"W 0?;'0‘?0" I S e
2.5k
2
15k P
1k
0 0.1 0.2 0.3 0.4
Time (s)
Figure 17. Dc-link voltage waveforms for case 2.
6.3. Case 3
In this third analysis, the capacitor values are: Cs, = 0.9 mF, Cs,, = 1.1 mF,
Cie, = 0.95mF, Cp,, = 1.05 mF, G, = 0.9 mF, and Cp, = 1 mF. The dc-link voltage
waveforms obtained are shown in Figure 18. In this case, the variation of the parameters
has been in some arms more than 10% of the original value and certain steady-state errors
can now be observed.
1% 1% 1% 1% % 1%
Cise1 Clsez “lder Cldez C“lo1 Clo2
4k
3.5k
i "“'5(\‘\ . e,
3 WM."" ‘h B oo i
’ “m‘l"':' RIS T
""|’
2.5k
2
1.5k
1k
0 0.1 0.2 03 0.4
Time (s)

Figure 18. Dc-link voltage waveforms for case 3.

In the following cases 4, 5, and 6, the effect on the control system due to variations in
the inductances is analyzed.
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6.4. Case 4

In this first inductance variation scenario, the values of the inductors are set to
Lsey = 2.51 mH, Ls, = 2.5 mH, Ly, = 249 mH, Ly, = 2.51 mH, L,;, = 2.49 mH, and
Ly, = 2.5 mH. The dc-link voltages are presented in Figure 19 where a proper dynamic
response and null steady-state error are appreciated.

(% v v (% v v
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Figure 19. Dc-link voltage waveforms for case 4.

6.5. Case 5

The values of the inductors are: Ls,; = 2.45 mH, Ls,, = 2.55 mH, L4, = 2.46 mH,
Lge, = 2.54 mH, Lo, = 2.47 mH, and L,, = 2.5 mH, and the dc-link voltages are presented
in Figure 20. Once again, the control responds properly and there is no error in the
steady state.
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Figure 20. Dc-link voltage waveforms for case 5.
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Clse1

6.6. Case 6

Finally, the inductor values are defined as: Ls,; = 2.3 mH, Lse, = 2.65mH, Lg,, = 2.4 mH,
Lge, =245mH, L,, = 2.6 mH, and L,, = 2.7 mH. For this condition, the results are shown
in Figure 21 where a response similar to cases 4 and 5 is obtained.

v v
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0.1 0.2 0.3 0.4

Time (s)

Figure 21. Dc-link voltage waveforms for case 6.

On the other hand, variations of the inductor equivalent resistance of up to 10% of its
original value have also been simulated, but the results showed no variations in the dc-link
voltages, then they are not presented in this work.

7. Conclusions

The control strategy presented in this work allows us to balance the energy of the
converter arms by means of circulating ac and dc currents. The ac currents circulate only
inside the converter not being reflected in the input or output of the topology. The ac
current flow through T-structure is the same that in T;-structure, this allows us to obtain
an input current with minimum harmonic content. Moreover, due to the control strategy,
the output voltage has also a very low ripple. These characteristics are fundamental in
HVdc systems since they are not designed to manage ac variables.

On the other hand, the sensitivity analysis shows that small variations of the converter
parameters do not affect the performance of the control system.

The decoupling of the control allows us to reduce the impact of power changes on the
output, as seen in the results. The presented topology operating with the proposed control
strategy exhibits no common-mode alternating voltage component, which is an advantage
and validates its possible use in HVdc or MVdc systems.
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