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A driving system for a three-phase variable-speed induction machine-based
modular multilevel converter (MMC) with magnetic channels operating at
high frequencies-connecting adjacent-arm submodules is displayed in this
paper. The primary disadvantage of using MMC in variable-speed motors is a
high voltage ripple generated by submodule capacitors at low speeds with
constant torque. This study utilizes the dual half-bridge (DHB) modules as
energy channels, exchanging between the submodule (SM) capacitors to
correct the power imbalance. The ripple power of adjacent-arm SMs may be
entirely decoupled, outcomes a virtually fluctuation-set free SM capacitor
voltage design. Thus, the typical MMC issue of significant ripple voltage
between SM capacitors has been wholly addressed regardless of operating

Induction motor drive system

! frequency. The design and analysis of field-oriented control (FOC) of
Modular multilevel converter

induction motors is based on an algorithm that ensures the motor's efficiency
across a broad speed range. In this paper, we achieved a tiny ripple in the
capacitive voltage for some frequencies (50 Hz, 25 Hz, 10 Hz, and 5 Hz) by
(x0.25%) compared with the previous papers that achieved a reduction in
ripple within (x5%), and also this system was compared with the traditional
system method operating principle was presented analytically and verified
using MATLAB/Simulink.
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1. INTRODUCTION

Modular multilevel converters (MMC) are attracting significant interest in many fields of high-power
applications due to their scalability, flexibility, and controllability. Examples include high voltage direct
current transmission (HVDC), high voltage DC/DC transformers, grid-connected inverters, and medium
voltage motor drives (MVMD) [1]-[11]. The primary issue with traditional MMC for variable speed drives is
the high sub-module fluctuation in capacitor voltage, particularly at lower speeds. The peak-to-peak capacitor
voltage ripple is proportional to the load current amplitude and inversely proportional to the supply frequency.
The high voltage ripple raises the switches' voltage rating [12]-[15]. Several solutions for dealing with
capacitive voltage ripple of SM in variable speed drive systems have been presented in various researches. At
present, the commonly used method of suppressing capacitor voltage fluctuation is to insert high-frequency
common-mode voltage and bridge arm circulating current into the MMC [16]. Still, the insertion of common-
mode voltage will cause damage to the motor. The damage to the edge and the bearing and the injected high-
frequency circulating current will increase the capacity and loss of the converter. SM condenser voltage-ripple
suppression from many viewpoints was studied [17]. The control methods adopted to develop the SM capacitor
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voltage-ripple profile, a hybrid MMC architecture that integrates a conventional MMC with a DC-link
sequence switch. Consequently, a ripple in capacitor voltage is reduced, especially at low motor speeds. Several
changes to the fundamental MMC structure have been proposed to solve the power imbalance issue between
the MMC arms. A back-to-back MMC to reduce voltage ripple in the capacitor, the grid-side MMC produces
a current source at its output instead of a DC voltage source. A three-phase induction motor is driven using this
current source to input the motor-side MMC. Due to the current source, the voltage-ripple of the SM capacitor
is seen to remain constant until shallow frequency [13]-[19]. Also, other researchers suggested a back-back
hybrid MMC that is applied to four-quadrant motor drive applications, retaining the benefits of hybrid MMC
in terms of decreased capacitor voltage ripple at zero motor speeds while avoiding the use of massive filters at
the direct current (DC) connection [20].

This paper uses a modular multilevel converter (MMC) with high-frequency magnetic channels to
link neighboring-arm submodules (SMs). The design uses dual half-bridge (DHB) chains to connect
neighboring SMs of three-phase identical arms. The DHB modules act as energy conduits, allowing power
interchange between SM capacitors. The bidirectional energy transmission between neighboring-arm SMs
decouples the arms' ripple power, resulting in a capacitor's near-linear SM voltage profile. Thus, the MMC's
frequent issue of large voltage fluctuation between significant SM capacitors is fully addressed regardless of
operation frequency [21]-[23] and the induction motor can be operated at low speed and full load.

The suggested modular multilevel converter with dual half-bridge (MM-DHB), for ripple power
decoupling drive system arrangement, is outlined in section 2. Algorithms for drive systems are discussed in
section 3. System simulation is illustrated in section 4, and the results are obtained and discussed in section 5.

2.  MMC-DHB DRIVE SYSTEM CONFIGURATION

Figure 1 shows the proposed system configuration of the MMC-DHB motor drive for a three-phase
induction motor; MMC has two arms, upper and lower, linked by buffering inductors. Every component
comprises N half-bridge SMs, every with a DC capacitor and two insulated gate bipolar transistors (IGBTS)
[21]. Figure 2 shows the performance of the main parts of the system. Figure 2(a), shows providing the best
harmonic cancellation properties where the N triangular carriers of each arm are gradually shifted by 2z /N.
As a result, the phase angles 0, (i) and 8y (i) of the ith carrier Ciand Cui in the lower and upper arms may be
calculated using (1) and (2).

0,() =2 x (i— 1) (€3]

By() =0+ x (i—1) @)

The angle of displacement between the upper and lower carriers is denoted as 6. It's important to note
that has a considerable influence on MMC's harmonic characteristics [24]. From the equivalent circuit diagram
of one phase of MMC, as illustrated in Figure 2(b), is utilized for analysis, the output voltage and current are
denoted by symbols v, and i, ;describes as (3) and (4):

Vo, = Vo COS (wt +6)) 3)

lo; = Io COS (wt +6; — ) 4)
where j {A, B, C}, V, and |, are the amount of voltage and current, respectively, w is the angular frequency of

the output, 6; is the stator voltage's phase angle (04=0°, 83=120°, and 8c=240°), and ¢, where is the power
factor of the load. The amount of the ac output voltage is as shown in (5) and (6):

1
v, =M, (5)
M=

Wrated (6)

where M denoted the modulation index, while Vqc input voltage source.
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Figure 2. Performance of the main parts of the system (a) phase-shifted carrier (PSC) modulation and

(b) one phase equivalent circuit of MMC

The arming voltage and current of the MMC and the j-phase current (DC component current or

circulating current) are described in (7)-(11) [22].

1

VUj = 2 Vdc —Vj, (7)
VLj = % Vdc + vjo (8)
P 1.
lUj— ”CTj + E "0]' (9)
.. 1.
le - lCT]'_ E le (10)
i iy.+ip,
lerj = ]2 ! (11)
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The circulating current ( icrj) can be considered as a DC for even-order harmonic elimination control,
which is (12).

.1 _ Mo cosg
lcr]- -3 Iy = 2 (12)

The capacitor voltage fluctuation contains each of the CM and DM items alternating at w; and 2w,
because of the dual-frequency variation of the typical MMC arm energy as seen in (13) and (14) [22].

AVCU,- = —AV% sin[Z(a)t +6;) — (p)] + AVC% sin(wt +6; — (p) (13)
AV, = == sin[2(w, + 6)) — ¢)] - A”Czdm sin(w, + 6; — @) (14)

where Av, defines the capacitor voltage variation and AV, defines the SM ripple's in capacitor voltage absolute
peak-to-peak fluctuation, respectively. The magnitudes of the peak-to-peak capacitor voltage-ripple due to CM
and DM components are shown in (15) and (16) [21]-[22].

IoM
AVCCm = S(ZUC (15)
AVg = 224+ cos? (@) (M* — 4M?) (16)

The fluctuation of capacitor voltage produces by two components CM and DM. The fluctuation in
capacitor voltage was very little affected by the CM component that appears only when the load current
increase regardless of operating frequency, but the DM item has a significant effect on ripple which increased
dramatically with reducing the frequency of operation and increasing the current output.

A proposed MMC-DHB configuration, shown in Figure 3, Allows the transfer of the ripple force from
one SM with extra capacitive power stored to another SMs in a closed magnetic ring, to insufficient power
supply over there, redistributes the capacitive energy that has been stored across all three SMs of the adjacent
arm.

2 - T J, ‘
Three-Phase Machine
i ST
Bi 3l 8.y
L slif| | |l SR}
- T, i, o]
lT sl e
e | e o3

Figure 3. MMC-DHB drive system configuration [22]
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3. CONTROL SYSTEM FOR MMC-DHB DRIVE IN VARIOUS SPEED
3.1. MMC Control
3.1.1. Averaging capacitor voltage control

The schematic diagram of a complete leg (phase) averaging shown in Figure 4 capacitor voltage
control, consists of two loops, in the first loop the upper and lower arm's estimated capacitor voltages as
illustrated in (17).

— 1 yN
Veiaw = 5 Zile=1 [chjk + VCij] (17)

Subtracting from the reference capacitor voltage and the error handling via the proportional-integral (PI)
controller to result in a reference current i;rjthe circulating current calculated in (11) is forced to follow the

reference current i;r].and fed to another PI controller in the second loop to generate an average voltage Vg as
shown in (18) and (19) [25]-[26].

ir =k (Vg - chav) +ky [ (VC* - ch) dt (18)

Vdcs = k3 (icrj - inj) + k4 f (icrj - i:rj) dt (19)

Current Minor Loop

> Ve,

Figure 4. Schematic diagram of SM capacitor voltage averaging controller

3.1.2. Balancing controller of capacitor voltages

Arm and individual balancing capacitor control are characteristics of this kind of control. The
proportional controller of gain k< balances the average capacitor voltages of the upper and lower arms of MMC
in Figure 5 (V(?,}’jand V&’j. ) respectively as shown in Figure 5(a). A voltage reference is produced for each SM

by the arm balancing controller as illustrated in (20) [12].
View = ks (V&2 = V&) (20)

The difference between each arm's average capacitor voltage (V&‘;jor VC‘ZL’;. ) and its SM capacitor
voltage (VCU,k or Ve, N ) is used to organized the capacitor voltage of every SM of each arm. The reference
J J

signals for each upper or lower SM are obtained as shown in Figure 5(b). Proportional gains ( K, and k- ), are
used to generate extra DC voltage references for every SM, as shown in (21) and (22) [12].

VdC]'Uk = K6(V6ql1]7] - VCUjk) (21)

VdC]'Lk = k7(VCg£j - VCL]-k) (22)
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Figure 5. MMC capacitor voltage balancing controllers, (a) arm and Individual SM balancing controller and
(b) reference signal for each SM arm (upper and lower)

3.2. The DHB modules' control

The DHB converter is utilized as a DC-DC energy-exchange unit that achieves energy rebalancing for
MMC SMs. The DHB converter is composed of a pair of voltage-fed HB inverters connected through an HF
transformer. The transformer turns ratio is unity since the DC-DC conversion is only used for energy balancing
between bridge sides at the same voltage level. DHB components are employed to achieve some operational
characteristics, where the leakage inductance of the HF transformer is used as an energy transfer element
between the DC capacitors, while the output capacitance of switching devices is used to achieve soft-switching
operation. The circuit diagram for one of the magnetic chains linking adjacent-arm SMs is shown in Figure 6.

‘Jﬂ % bb* ‘JH} T<Ii {?lb" };Sﬂl\ Aok JK?/

”PI || I ] .‘élléT' EL ‘E%JEI— I

DIIB Converter

—

|1

DHB Convert ‘onver
MMC IB-SM O MCTBsy B Converter  y i C TIB-SM

Phase Leg A Phase Leg B Phase Leg C

Figure 6. The circuit diagram for one of the magnetic chains linking adjacent-arm SMs [21]
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Finally, the DHBs are regulated by rebalancing the stored capacitive energy between the SMs. Every
DHB module contains a loop of control with a PI regulator to ensure ripple-free SM capacitor voltage.
A potential difference between each pair of primary and secondary DHB capacitors is set to zero by the Pl
controller, which results in the desired phase angle 8* being used as an input to the DHB modulator as shown
in Figure 7. The two sides of the DHB transformer are show in Figure 7(a) and (b).

" ]
1
1
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T o
v 1
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]
]
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i i Ve = Apg! -
2 : i Ve + Ape
I 2
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(a) (b)

Figure 7. Bi-directional power can be transmitted between both sides of the DHB transformers, (a) positive
angle & and (b) negative angle & [21]

A carrier signal is compared to the DHB control modulator created signals M1, Mz to generate a DHB
switching signal (Se and Ss), produces square wave voltages on every side of the DHB module, displaced by
the necessary angle 6 as stated in (23) and (24).

s

My=p-2 (23)

The upper of two adjacent sub-model capacitors at two phases, such as SM capacitor voltages of phase
A (XVc,,) subtracted from phase B (X Vc,,), is the algorithm used to regulate the DHB converter. To
eliminate any harmonic wave distortion, a low-pass filter (LPF) is used. For every pair of DHBs connecting
the SMs of two neighboring arms, the same control loop is repeated, with six PI controllers controlling all DHB
modules, as shown in Figure (8) [21].

5
Mi=D-2= 23
sV + K, p (23) DHB_ —— Sp
Cau K +— [ Modulation
S M2=|1-M1| (24) > — Sg

\ 4

Ve,

Figure 8. DHB control block diagram
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3.3. The field oriented control (FOC) of induction motor

The induction motor's operating parameters are controlled using the field-oriented control (FOC)
method. Figure 9 shows the schematic of the suggested MMC-DHB motor-driven system. The FOC employs
two machine loop torque and flux, which are performed in the (dqg) rotating frame, the FOC method uses two
motor speed and flux reference values to result in the commanded torque and flux-generating elements of the
stator current (iz and iz).

Two separate pairs of proportional-integral (PI) controllers have been utilized to process reference
current components and create two groups of reference voltage vectors (V" and V), which were then utilized
to construct a group of three-phase reference voltages. (V,*, V", and V"), that are applied in the MMC
modulation. The control system of operation behavior of FOC is summarized in a block diagram given in
Figure 9, and each step is discussed in [21].

Sy
Va MMC S,
Vi Modulation MMC-DHB
Ve )

System

w' + iy + Vg
iq

Speed Control Sp
W _|_'
P+ iy + Va abc DHB Ss
g 2
_ Controller
i
v Flux Control a4 Figure (8)
= 1 ~]l__x
oy — @‘im dq i 4
ip
Discrete Transfer Function B
abc |l
Rotor Flux Estimation -
Be = N
Three-Phase
nduction Moto

Rotor flux position calculation (6,) ®m

Figure 9. Schematic diagram of MMC-DHB control system

3.3.1 The Rotor Fux Block Estimation

The reference currents are used to calculate the rotor flux angle. The field-oriented control current
model equations are used to determine the rotor flow vector, which necessitates a rotor speed measurement
According to (25), the rotor flux estimation block is implemented as shown in Figure 10, [27]-[28].

_ Lm*isg
b= 1+ Tg (25)

where,

Tzf—T,erzlr+Lm
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Figure 10. The rotor flux estimation block.

3.3.2. The Rotor Flux Position

The flux position may be computed in a motor model by considering terminal characteristics such as
voltage and currents, but it is very sensitive to the rotor time constant. According to (26), the rotor block

estimation is shown in Figure 11 [27]-[28].

(ee = f(wr + wg)dt

=P
{ Wy = 2 Wy (26)
Lmisq
k Wg, = TP
isq ,
L X1, 1
we, = _m " sq + ™ - 9
Te X s e
Y +
Wy

(3 —.

Figure 11. The rotor flux position calculation (6,)

4. SYSTEM SIMULATION

The MATLAB/Simulink is used for simulation of the traditional MMC-Drive system, and the MMM-
DHB drive system. The MMC-DHB is implemented in the simulation research, where each adjacent-arm SM
is interfaced through a chain-link of three DHB modules, as illustrated in the previous section. Table 1 shows

the parameters of the system.

Table 1. System parameters for simulation

Parameters Values
Input DC voltage 800 V
No. of SMs in each arm 2
SM capacitor voltage V¢ 400 V
Rated frequency f, 50 Hz
PWM Carrier frequency fc 5 kHz
Arm inductance Larm 24mH
SM capacitance C 2mF

DHB Parameters
Transformer turns ratio leakage
inductance 35uH
Switching frequency fr 10 kHz
Induction Motor Parameters

Induction Motor output Power 5.4 HP
Induction Motor Line-line 400 V
Voltage
No. of Poles 4
Fundamental Frequency 50 Hz
Rated Speed nr 1430 rpm
Magnetizing Inductance Ly, 0.1722 H
Stator Resistance Rs 1.405 Q
Rotor Resistance Rr 1.395Q
Stator Leakage Inductance Lls 0.005839 H
Rotor Leakage Inductance LIr 0.005839 mH

Induction motor drive based on modular-multilevel converter with ... (Enaam Abdul-Khaliq Ali)
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5. RESULTS AND DISCUSSION

To verify the proposed conventional-MMC and MMC-DHB drive systems the MATLAB/Simulink
has been used to implement a 5.4 hp (= 4 kW), 400 V line voltage induction motor. Two separate pairs of
proportional-integral (PI) controllers were used to process the reference current components and create two
sets of voltage reference vectors (V5 and Vsy). These vectors were used to create a set of three-phase reference
voltages. Figure 12 shows the speed of (om=1430 rpm) with load torque 100% (TL=25 N -m), which phase A
chosen. The cell capacitor voltages are also well regulated within around 7 V for traditional MMC drive, as
shown in Figure 12(a), and Figure 12(b), current ( i,) is sinusoidal with a fundamental frequency, 50 Hz, as
illustrated in Figure 12(c). In contrast, Figure 13 shows the DHB-MMC drive equal to 2 V, at the same rated
speed and current as illustrated in Figure 13(a)-(c), respectively.

In Figure 14 the machine operates at (am=715 rpm) with 100% load torque (TL=25 N.m). There is a
clear reduction of ripple with the DHB energy-balanced system. The fluctuation of capacitor voltage decreases
from (15 Vp.p) as shown in Figure 14(a), with its output current, were illustrated in Figure 14(b) to (1 Vp-p) as
shown in Figure 14(c). Approximately sinusoidal output current for the DHB system is shown in Figure 14(d).
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Current (Amper)
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L)

5.415 5.42 5.425 5.43 5435 544 5445 545 5455 546 5.465
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(©

Figure 12. MMC representation at 1430 rpm where (a) represent the capacitor voltage of phase A, (b) the
specific time period of the response curve, and (c) output current for traditional MMC drive system
respectively
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Figure 13. MMC-DHB representation at 1430 rpm where (a) represent the capacitor voltage of phase A,
(b) the specific time period of the response curve, and (c) output current for the MMC-DHB drive system
respectively
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In Figure 15, the machine operates at (om=286 rpm), 100% load torque (TL=25 N.m), which offers
a good indication for the capacitor voltage ripple to be reduced from (40 VP-P) as shown in Figure 15 a with
its output current shown in Figure 15(b), to (1 VP-P) as shown in Figure 15(c) when the DHB is employed.
Also, the output current with better shape in the MMC-DHB system is illustrated in Figure 15(d).
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Figure 14. MMC performance at 715 rpm where (a) represent the capacitor voltage, (b) the output current for
traditional MMC drive system respectively, (c) represents the capacitor voltage, and
(d) the output current of MMC-DHB drive system respectively
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Figure 15. MMC performance at 286 rpm where (a) represent the capacitor voltage, (b) the output current for
traditional MMC drive system respectively, (c) represents the capacitor voltage, and
(d) the output current of MMC-DHB drive system respectively
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Figure 16 shows the machine speed of 143 rpm at 100% load torque (TL=25 N.m), there is a high
reduction of ripple for the DHB power balancing system, the fluctuation of capacitor voltage decreases from
(50 V P-P) as shown in Figure 16(a), and its output current as shown in Figure 16(b), to (1 V P-P) as shown in
Figure 16(c), and sinusoidal three-phase output currents are shown in Figure 16(d), for the MMC-DHB system

compared with a traditional system.
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Cument (Aripar)

5.1 52 53 54 55 56
Time (seconds) )

b 8
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(© (d)

Figure 16. MMC performance at 143 rpm where (a) represent the capacitor voltage, (b) the output current for
traditional MMC drive system respectively, (c) represents the capacitor voltage, and
(d) the output current of MMC-DHB drive system respectively

6. CONCLUSION

The modelling, control, and design consideration were taken in this paper for the MMC-DHB drive
system with the primary emphasis on comparing with the conventional MMC drive system. The main
contributions are presented in the following way: i) While the voltage ripple, regardless of the operating
frequency, stays almost constant, a substantial decrease in SM capacitance is feasible. At low operating speeds,
multiple megawatt machines may be driven. ii) The results showing the effective decoupling of the ripple
power technique on the ripple of SM capacitor voltage reduction, at a variable frequency of operation have
been obtained compared with that of the traditional MMC drive system. At 1430 rpm the capacitor voltage
ripple has been reduced. from +1.75% to +0.25%, the voltage ripple of the capacitor at 715 rpm decreases
from+3.75% to +0.25%, At lower operating frequencies, the DHB power decoupling has significant effects,
as shown, the voltage ripple of a capacitor at 286 rpm decreases from +10% to +0.25%, whereas the voltage
ripple of the capacitor at 143 rpm decreases from +12.5% to +0.25%. Instead of using a traditional-MMC

drive system, a DHB-MMC-based drive system produces a high-quality sinusoidal waveform of output
currents in a wide range of operating speeds.
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