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Abstract— MMC-based back-to-back (B2B) converters are
promising for hybrid AC/DC transmission systems when
integrating large scale PV sources. This paper proposes a
novel configuration for hybrid AC transmission systems with
B2B converters and multi-terminal direct current (MTDC)
operation which facilitates the integration of PV energy and
enhances the system stability and reliability. This is achieved
by an advanced interconnection with two operation modes: 1-
A bi-directional power flow via AC connections, and 2- Direct
active power injection to the MTDC from PV source.
Conventional outer, inner and capacitor voltage balancing
control systems are utilized in this study for regulating the
currents and voltages of B2B converter. Also, The Perturb and
observe (P and O) technique is implemented for obtaining
maximum power point tracking (MPPT) of the PV generation
considering a dc-dc boost converter. The efficacy of this
proposed configuration is verified through time-domain
simulations carried out by MATLAB/SIMULINK.

Keywords— Hybrid AC Transmission System, Multilevel
Converter (MMC), Back-to-Back Converter, Multi-Terminal
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L INTRODUCTION

The increasing capacity coming from inverter-based
renewable generation brings about new challenges to the
power system reliability and electricity markets operation
[1]. Due to the increased renewable energy generated by
large scale solar PV plants along with increasing capacity in
battery energy storage, hybrid AC transmission systems are
gaining considerable attentions. The integration of inverter-
based DC power sources via multi-terminal direct current
(MTDC) configurations has potentially many benefits for
meeting ever-increasing electricity demands [2].

By connecting DC renewable energy sources to HVDC
systems it is expected that grid power efficiency increases,
and overall system availability improves. In order to connect
dc sources to a HVDC line, a rectifier and step-up
transformer or dc-dc cascaded converter is required to boost
the voltage to transmission or sub-transmission levels.
Difterent kind of modular structures have been proposed to
obtain a high step-up ratio [3]-[5]. Researchers have
disclosed an HVDC back-to-back (B2B) voltage source
converter with a 12-pulse dc circuit [6]. System reliability
can be increased by connecting Two or more 12-pulse B2B
converters in parallel [7]. In [8], the authors proposed a novel
four-pole B2B converter for HVDC applications which can
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improve the system reliability through partitioning the DC
circuit into 25% rated elements rather a single 100% rated
circuit. Solar PV plants are usually connected to the utility
grid through classical 2-level converters since the PV module
insulation limits allow the plants to operate only in the range
of 1.0-1.5 kV [9]. Thus, step-up transformers are needed to
connect PV plants to medium voltage (MV) or high voltage
(HV) lines.

To cope with the voltage limitations of PV plants,
researchers propose multilevel converters to boost the PV
plants’ voltage. Hence, the multilevel cascaded H-bridge
(CHB) inverter, Full-bridge inverter, neutral-point clamped
(NPT) inverter, and the modular multilevel converter (MMC)
have been used in many research projects [10-14]. New
MMC topologies have also been introduced to enhance the
MTDC capacity and increase system reliability and stability.
In [15], the novel MMC topology improve the MTDC
performance during severe DC faults. An adaptive integrated
coordinated control method is suggested in [16] which boosts
the response speed and stability of MMC-MTDC systems.
The unidirectional hybrid converter proposed in [17] uses a
new active power controller to regulate the full-bridge (FB)
submodules and better control the transmitted power.

A new configuration of hybrid AC transmission system
with MTDC operation is proposed in this paper which
facilitates the PV energy integration into MTDC system. The
new configuration and its control mechanisms are introduced
in section II and III, and the simulation and results are
discussed in section IV.

II. THE PROPOSED CONFIGURATION

A.  Hybrid AC Transmission System with B2B converter
and MTDC

This study proposes a configuration that enables hybrid
AC and DC transmission operations considering large scale
PV farms which improves the system reliability. The
advantage of the proposed configuration is that the hybrid
AC system can provide power flow control while
maximizing the energy harvest from renewable resources.
This can be accomplished by developing an interconnection
with two operation states: 1- A bi-directional power flow
through AC connections to boost the system stability; 2-
Direct power injection to the grid from the PV source. Fig. 1.
Ilustrates the proposed B2B converter structure for hybrid
AC transmission system with MTDC. The AC terminals of
MMCs are connected to the step-up transformers to be
connected to the utility grid. A PV source is also connected
to the MTDC.
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Fig. 2. Circuit diagram of n+1 level half bridge MMC and a submodule.

B. MMC modeling

Figure 2. illustrates the circuit structure of a three-phase
half-bridge MMC with N+1 levels. Each MMC has six arms
including N half bridge SMs (with two bidirectional switches
and a capacitor), reactors (arm inductance) and resistors
(equivalent resistance of MMC) connected in series. The
reactors (Ls) help provide a current control for each phase
arm. a staircase output voltage waveform is achieved through
the modulation of converter leg submodules. The charge and

discharge states of the cell capacitor can be determined by
the direction of the arm current.

By switching the SM and keep it in ON state, the
capacitor voltage (Vsm) is delivered to the SM terminals.
However, by turning off the SM, the capacitor is bypassed
and the voltage at SM terminals becomes zero. Such voltage
variations at high frequencies causes voltage differences
within the MMC arms and between the three phases which
can result in a circulating current (icirc) flowing through the
MMC legs. This circulating current brings about some
disadvantages such as increased losses, unbalance issues and
disturbances.

For analyzing the currents of the circuit, the SMs can be
replaced by voltage sources. By applying the Park’s
transformation, one can extract the d&q components of
voltages and currents for the VSC.

By writing KVL at the AC side of the converter:

di;
L—t+Ri; =u; —v;, 1
Ul M
Where v; and u; refer to the output voltage of MMC and
system voltage, respectively.

di R
d;’ ( 4~ Va)— iy — i,
a @
iy R. )
T = z(uq =Vy) —zzq - wiy.
Then, instantaneous real and reactive power can be
expressed as:
P=1.5*(uyi, —uqiq) 3)
0=15* (udiq - uqid).

Assuming the system as a three-phase balanced network,
the real and reactive power can be calculated with regard to
the active and reactive currents as follows:

uq:O. 4
P=15*u,

{Q—l 5*udl'd 5)
=15%u,i,.

As can be seen, the real and reactive power are
proportional to the decoupled currents in dq frame.

III. CONTROL OF HYBRID AC SYSTEM WITH MTDC

The control system in the proposed model is like the
conventional approaches used in the HVDC system
consisting of the following parts:

1-  Outer control system for active and reactive power
2-  Inner current control
3- Capacitor voltage balancing control

Also, a phase shifted PWM technology is employed to
independently control active and reactive power and DC
voltage of each converter. Besides, MPPT technique is
utilized for controlling the PV output connected to the DC
line. Figure 3 represents the block diagram control of the
proposed model.

Authorized licensed use limited to: University of Arkansas. Downloaded on March 01,2022 at 20:10:09 UTC from IEEE Xplore. Restrictions apply.



AC Grid 1 Inverter Converter AC Grid 2
@ : [ =
lgrid1 ___{MMC MMC |— Lorid2
Verid1
N - Duty cycle Gate
signals c signals
abe
Phase DC-DC Boost LWM Phase
abe 9 9 abc  hifted-PWM converter Generator  hifted-PWMI dq
PLL|
dq dq
. — Bim
SM Capacitor SM Capacitor . .
voltage controller| Ve I (IYIPE)TI voltage controller] Los I I II 14 |
P - ontro -
v v
PV array .
x .
“
Vi . V4 14
abc abc /' le ]
dc Voltage Current ¢ ‘ Current * Phwer
controller controller |7 i dg PV Control System 4q [Va controller 1q controller
—
de Voltage
controller
Inverter Control System Converter Control System

Fig. 3. Control block diagram of the proposed MMC-MTDC.

A.  Rectifier Control model

The control system of rectifier is intended to adjust the
DC voltage and reactive power. Hence, the outer control
system computes the values of currents (i;*, i,") based on the
reference values of DC voltage and reactive power.

iy =kp(Ug=Ug)+ kIIJ.(U;c ~Uye)dt
(6)
i) 220"/ Guy)+pa(© - 0) k[ (€ - Q)

Considering the reference values of the currents, the inner
current control system calculates the voltage references as
following:

Vg =u, +oLi, *[sz(i:f —ig)+ k13j(i; —i,)dt]
* * (7)
v, =, ~ oLiy ~[kpy (i) ~i,) +k,4j(iq —i,)d].

B. Inverter Control model

The control system of the inverter keeps the stability of
AC voltage when the MMC is connected to the AC network.
Hence, the outer loop regulates u;" and u,". The reference
values of i, and i,” in inner loop are found using the
equations bellow:

iy =—kps(u, —u,) +k,5J.(u; —u,)dt
B (®)

ly = —kpg(ug _“d)+k16J.(“; —ug)dt.

Assuming that u;," =1 and u," =0, tuned values of v; and

v, can be obtained from the following equations:

vy =—R.PI(iy) - oL.PI(i,) 9

v, =—R.PI(i,) + @L.PI(iy). ©)
C. Capacitor Voltage Balancing methodology

The conventional voltage balancing algorithm is used in
this study. The algorithm first measures capacitor voltages

for each arm and defines the direction of arm current. Then,
the following steps are taken for sorting the SMs:

Step 1: When the arm current discharges the arm
capacitors, algorithm switches on the SMs with the highest
capacitor voltages and switches of those with lowest voltage
levels.

Step 2: When the arm current charges the arm capacitors,
algorithm switches on the SMs with the lowest capacitor
voltages and switches of those with highest voltage levels.

D. PV converter control

Perturb and observe (P&O) approach is employed in this
study for achieving MPPT of the PV source using boost
converter. The P&O approach provides better harvest of
solar energy with minimum steady state oscillations. Hence,
the duty cycle required for the boost converter is determined
using a variable step-size to obtain MPPT precisely.

IV. SIMULATION RESULTS

To wverify the function of the proposed hybrid
transmission system, full scale computer simulations are
fulfilled in MATLAB/SIMULINK. The following table
shows the parameters of the system under study.

TABLE L CIRCUIT PARAMETERS
Parameter Value
AC System 200/20 kV, 60 Hz
DC Line Voltage 40 kV
Number of SMs per arm 50
Load 100 MW, 50 MV Ar
Loadl 100 MW, 40 MV Ar
SM Capacitance 500 uF
Switching frequency 10 kHz
Arm Inductance & Resistance Ls=0.15 pu, Rs=0.03 ohm
PV maximum Power 60 MW

Authorized licensed use limited to: University of Arkansas. Downloaded on March 01,2022 at 20:10:09 UTC from IEEE Xplore. Restrictions apply.



Load

o

A
L ‘ T
il l
i i {{mles
cp g dc
Load 1 Bus3 INominal LoadT
om ok | Three-Phase Source 2
R ap- 4 H
A ;t A
| h B i h ‘ T !
| fl = 8 |
| ——— g Tree Phase Line Brk2
Three-Phase Source Buss Bust
Transformer2
L4 A ..
B g_ N
&4 €S E
AN Dep

De Line

Rectifier Control

Fig. 4. The proposed configuration implemented in MATLAB/SIMULINK.

The proposed hybrid AC transmission system with back-
to-back converter configuration and MTDC presented in
figure 1. is simulated in Matlab Simulink. Figure 4. depicts
the simulated network, and figure 5. shows the configuration
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The following figures show the efficacy of the proposed
configuration while maximizing the use of PV energy
system. Figure 6. illustrates the generated power, current and
line voltage of PV for two-second simulation, considering

of PV system with the P&O-based MPPT controller.
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Fig. 5. Configuration of PV system performed in MATLAB/SIMULINK.
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constant temperature value (25 Deg. C) and different levels
of solar irradiance as following: %100, %50, %75 and %100,
respectively (0.5 second duration for each level of
irradiance). As can be seen, the MPPT controller is
successful in harvesting the maximum available power
during the simulation period by using P&O technique.
Considering the PV output current figure, it can be observed
that current fluctuations show up in the DC line due to sharp
decrease or increase in irradiance. However, the PV voltage
has less fluctuations because of the strong connection with
the MMC rectifier output which ensures the stability of DC
line voltage (40 kV). Hence, PV and rectifier controllers can
support each other during any unnormal situations.

PV Generated Power

I I I I I |
61— !
ss- Irradiance: 1000 W/m? | Irradiance: 750 Wlmzv [ Irradiance: 1000 W/m?
g A= Irradiance: 500 W/m? G ]
& 30— -
T
@2 -
1 . 1 ! I -
0 | | | | | | | | |
(] 02 0.4 06 08 1 12 14 16 18 2
PV Current
I I I I I I I | I
2000 ! —
£ [
< 1000] ] —
5
g o |
~1000 | | | | I 1 | I | —
0 02 0.4 06 08 1 12 14 16 18 2
x10* PV Voltage
A= I I I I I I I I I |
S4
°
g
Sz —
5 | | | | | | | | |
0 02 04 06 08 1 12 14 16 18 2

Fig. 6. PV generated power, current and line voltage.
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Figure 7. shows the power, current and voltage of the DC  be observed, the converter input current varies largely due to
line. The rectifier control system responds quickly to any the variations in PV generated power. In spite of such
variations in the PV generation (caused by different considerable changes, the inverter control system performs
irradiance values) and provides the required power for the well and provides voltage and current waveforms with
system loads. An advanced central control system along with ~ suitable power quality for the loads connected to the AC grid
filters can alleviate the fluctuations in line current. Voltages 2 (shown in figure 1.).
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balancing control were used for the rectifier and converter of

CONCLUSION MMC. Besides, perturb and observe technique was applied

This paper introduced a novel hybrid AC transmission ~ for obtaining MPPT of the PV system connected to the

System with B2B converter configuration and MTDC  MTDC through an DC-DC boost converter. The simulation

operation which allows the PV source to inject real power  results verify the efficacy of the proposed configuration in

directly to the grid. The Outer control system for active and  strengthening the stability of system while harvesting the
reactive power, inner current control, and capacitor voltage ~ maximum power from the PV source.
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