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ABSTRACT Modular multilevel converter (MMC)-based AC motor drives are emerging trend-
research. They ease medium-/high-voltage handling in high-power applications with reduced footprint
and life-cycle costs. A known challenge concerning their operation is the zero-/low-speed operating
condition. The recent techniques proposed to improve operation during that interval, implement complex
hardware/software approaches. To cope with this issue, this paper proposes multiphase machines for MMC-
based AC-drives. Among several advantages regarding the power splitting, multiphase machines provide
additional degrees of freedom compared with their three-phase counterparts. Novel exploitation to these
additional degrees of freedom is proposed in this paper by injecting a secondary current component in the
load current with specific magnitude and frequency during zero-/low-speed intervals enabling the motor to
function duly. Since the control of these secondary components is already inherited in the current controller
structure of any multiphase machine, no additional algorithms or sensors will be required. In this paper,
a three-level five-phase MMC-based distributed winding induction machine drive system for medium-/high-
voltage applications is investigated during low-speed operation as well as starting from standstill to rated
speed. Two different control options are proposed using capacitor voltage measurements or under sensorless
operation in order to reduce the cost and complexity in the case of a high number of MMC levels. The
experimental results have been obtained with a downscaled drive system to verify the proposed solution.

INDEX TERMS Low-speed operation, modular multilevel converter, induction machine, multiphase,
degrees of freedom, x-y current injection.

I. INTRODUCTION
High-power AC Variable Speed Drives (VSDs) have become
the backbone of several industries and renewable energy
applications. Multilevel converters have been introduced as
promising candidates in high-power medium-voltage appli-
cations. Compared to conventional two-level converters,
the multilevel converters meet the high-power AC VSDs’
requirements with enhanced performance [1], [2]. Recently,
Modular Multilevel Converter (MMC) has emerged as a
feasible option for high-power medium-/high-voltage appli-
cations thanks to converter construction that yields mod-
ularity, scalability, lower output harmonic content, and
transformerless operation [3]–[7]. An illustration of a

conventional n-phase N -level MMC is shown in Fig. 1. High-
power motor drives in a range of hundreds of megawatts such
as oil and gas compressors, and extra-large motors used in
pumped hydro-storage are more sensitive to harmonics con-
tent, switching frequency, and energy efficiency compared
to low-/medium-voltage counterparts [8]. For instance, the
adjustable-speed pumped-storage generation system of the
Kansai Electric Power’s Okawachi Power Plant was built
of 800 MW capacity, and currently, the overall capacity
reached approximately 1300 MW [9]. Therefore, employ-
ing MMC in such applications can be efficient. However,
the main challenge of using MMC in drive systems is the
constant torque applications that require rated torque at
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FIGURE 1. Illustration of conventional n-phase N -level MMC.

low speed, since the Sub-Module (SM) capacitor voltage
ripples are inversely proportional to the phase current fre-
quency. Investigating various possible solutions for conven-
tional three-phase MMC-based drive systems, was the target
of several papers in the available literature [10]–[21] using
hardware and/or software approaches.

In [10], a hardware configuration consisting of a semicon-
ductor device in series and a snubber circuit in parallel with
the DC-link are added to the MMC in order to lower the
capacitor voltage ripple at low-speed operation. The topol-
ogy was experimentally verified on an RL load, where 12%
voltage ripples were obtained at 5 Hz operating frequency.
Another hardware connection was proposed in [11] using
a cross-connected SMs branch that connects the upper and
lower arms. In [12], another cross-connected topology is
proposed using Full-Bridge (FB) modules connected over the
conventional Half-Bridge SMs (HB-SMs) to ensure power
balance among the three phases during starting. This topol-
ogy was experimentally tested on an RL load at switching
frequency of 4 kHz. In [13], MMC induction motor drive was
operated at rated torque and a frequency range starting above
half of the nominal frequency by adjusting the circulating
currents to average the capacitors voltages around the same
level.

Whilst [14]–[17] use circulation current and Common
Mode Voltage (CMV) to inject a current component that
enables a balanced power flow between upper and lower
arms. In [14], a Permanent Magnet Synchronous Machine
(PMSM) was experimentally tested on a speed range from
zero to 240 rpm, whilst in [15] a three-phase Induction
Machine (IM) was employed. In [16], a five-level three-phase
MMC with an RL load was investigated. The voltage ripples
were 8% at operating and switching frequencies of 10 Hz
and 10 kHz, respectively. A three-phase IM was operated
from zero speed to rated speed in [17]. A circulating current
of square waveform was used in [18] to reduce the current
peak. Hence, the losses and arm inductor size will be reduced.

In [19], the same objective was proposed using a trapezoidal
current waveform. An optimized circulation current injec-
tion method was shown effective to maintain voltage ripples
within defined limits while avoiding higher circulating cur-
rents [19]. In [20], the capacitor average voltage was reduced
at low speeds to tolerate the ripples with the capacitor rating.
In [21], a capacitor voltage control strategy was introduced
based on changing the DC and AC components of the mod-
ulating signals according to the capacitor voltage level at the
full speed range. A back-to-back MMC configuration has
been used in [22] to drive a three-phase IM from zero up to
rated speed. It connects the AC supply to the motor using an
intermediate current component between both MMCs to con-
trol the machine-side MMC. These approaches involve either
more hardware complexity to the system or more stresses to
the converter branches due to the injected circulation cur-
rent or CMV. It is worth mentioning that the starting issues
of MMC-based AC VSDs are less significant for fan and
pumping loads in high-power applications, where the torque
is proportional to the square of motor speed [13], [23]. Based
on the given literature, it may be concluded that either the
starting or the low-frequency operation of MMC-based AC
VSD has only been achieved at the expense of extra hardware
devices or complex control algorithms.

Aiming at finding a simple approach to the zero-/low-
speed operation of MMC-based AC VSDs while eliminating
the need for extra hardware/software solutions, this paper
proposes an approach based on multiphase drive systems.
Multiphase machines possess additional degrees of freedom
providing additional variables in different subspaces. For
instance, an n-phase IM with isolated neutral possesses (n-
1) degrees of freedom, whereas only two are required to
control torque and flux. This feature means more operational
flexibility. The high fault tolerance also emerges as a salient
feature of multiphase machines. Thus, multiphase machines
have become the target of several industrial applications,
mainly the critical ones such as aircraft actuators [24], oil
and gas industry, ship propulsion systems [25], and electric
vehicles [26]. The multiphase machines inevitably enhance
the drive system reliability, which is crucial in high-power
applications. The additional subspaces offered by multiphase
machines have been used in the literature [26] to extract oper-
ational advantages which are less feasible using conventional
three-phase VSD; such as fault-tolerant operation [27], [28],
motors braking [29], and fault detection [30]. Furthermore,
multiphase machines produce lower torque ripples and per-
phase power requirements (voltage or current) compared
to similar power-rated three-phase counterparts. The use
of MMC-based multiphase AC VSD was firstly introduced
in [31]. Two series-connected three-phase MMCs were used
to drive an asymmetrical six-phase IM with two series-
connected DC-link capacitors. The voltage drift between the
series-connected DC-link capacitors has been eliminated by
controlling the secondary x-y current components. Several
techniques to improve drive system performance and guar-
antee its robustness were proposed in [32]–[35].
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In this work, a three-level five-phase MMC is employed to
drive a five-phase IM investigating both zero-/low-frequency
and full range operations including starting and steady-state.
Using five-phase IM does not imply extra hardware at the
same mean used in literature. In literature, extra switch-
ing devices, snubber circuits, and back-to-back converters
are installed dedicatedly to the core converter to overcome
the zero-/low-frequency issues. On the other hand, a five-
phase machine with a five-leg converter is already a well-
established standalone system in many industries due to its
advantages, mentioned above, on system performance com-
pared to the three-phase system (regardless the applied con-
verter type). The proposed system configuration is based on
the conventionalMMC topology shown in Fig. 1. A prototype
for the entire IM-based AC drive system was built to experi-
mentally investigate the proposed concept.

The main contributions of this work can be summarized as:

• Introducing for the first time a new technique for
the starting/low-speed operation of MMC-based high-
power drive systems by exploiting the additional degrees
of freedom of a multiphase system. According to the
authors’ best knowledge, this approach has never been
proposed before in the literature.

• The proposed system eliminates extra hardware devices
and complex control solutions typically used in litera-
ture.

The salient merits of the proposed technique compared to
control-based techniques stated in literature can be summa-
rized as:

• The control of the zero-/low-speed operation becomes
easier, as the proposed technique uses only the output
load current to perform balancing during zero-/low-
speed intervals without involving the circulating cur-
rent or CMV.

• It utilizes a lower number of current sensors (only the
load current sensors are enough, i.e., 4 current sensors
in case of five-phase IM).

• The proposed controller is designed to maintain the out-
put current during injection periods within the machine
rated current. Hence no increase in the converter rating
is required.

This paper consists of six sections. The problem descrip-
tion for the low-frequency MMC operation is first illustrated
in Section II. Section III assesses the additional degrees of
freedom in multiphase machines, and the role they play in
the proposed system. Section IV describes the system archi-
tecture and the proposed control strategy. Section V validates
the proposed MMC-based AC drive structure via experimen-
tation results. Finally, Section VI summarizes the principal
conclusions.

II. EFFECT OF OPERATING FREQUENCY ON MMC
CAPACITOR VOLTAGE
In each phase of anMMC, the active power absorbed/released
by upper and lower arms is responsible for charging/

discharging of SMs’ capacitors. Therefore, the average active
power consumed by each armmust be zero to ensure balanced
converter operation.

For instance, the instantaneous power, voltage, and current
of an upper arm in MMC are expressed by (1), (2), and (3)
respectively (neglecting the voltage drop on the arm induc-
tances) [17].

pu,j = vu,jiu,j (1)

vu,j =
Vdc
2
− vo,j (2)

iu,j =
io,j
2
+ icirc,j (3)

where Vdc is the DC-link voltage, vo,j and io,j are the phase-
j output voltage and current, respectively, and icirc,j is the
circulating current between the DC-link and phase-j.

The output phase voltage and current of the proposed
MMC can be expressed as (4) and (5).

vo,j = Vmsin(ωt) (4)

io,j = Imsin(ωt − ϕ) (5)

where Vmand Im are the peak voltage and current, respec-
tively, ω is the stator synchronous angular velocity, and ϕ is
the displacement factor angle.

Assuming an input-output power balance scheme for the
MMC, hence:

VdcIdc
5
= Mean{vo,jio,j}

= Mean
{
VmIm cos (ϕ)

2
−
VmIm cos (2ωt − ϕ)

2

}
=

VmIm cos (ϕ)
2

(6)

where Idc is the mean of the input DC current.
Thus, the circulating current magnitude (assuming a well-

suppressed double frequency component, and considering
only the DC component) can be given as (7).

icirc,j =
Idc
5
=
VmIm cos (ϕ)

2Vdc
(7)

Therefore, the upper arm current, which indicates the SM’s
switching devices current rating, is expressed as (8).

iu,j =
Imsin(ωt − ϕ)

2
+
VmIm cos (ϕ)

2Vdc
(8)

From (1), the power delivered to the upper arm can be calcu-
lated to be expressed as in (9).

pu,j =
VmIm cos (2ωt − ϕ)

4
−
V 2
mIm cos (ϕ) sin (ωt)

2Vdc

+
VdcIm sin (ωt − ϕ)

4
(9)

The voltage ripples of the arm capacitors are caused by the
energy fluctuations in each arm. In (10), an expression for
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FIGURE 2. Experimental results of 3-level 5-phase MMC-based AC VSD
operation at 0.5 Hz. (a) All capacitors voltages of phase- a. (b) Output
phase currents.

the energy stored in the upper arm’s SMs can be calculated
by integrating (9).

wSM ,u,j =
VmIm
8nu,jω

sin (2ωt − ϕ)

+
V 2
mIm

2Vdcnu,jω
cos (ϕ) cos (ωt)−

VdcIm
4nu,jω

cos (ωt − ϕ) (10)

Hence, from the energy formula wSM ,u,j = 1
2CSMV c1vc, the

capacitor ripple voltage can be calculated as in (11).

1vc =
2wSM ,u,j

CSM
(
Vdc
nu,j

)
=

mIm
16CSMω

sin (2ωt − ϕ)

+
m2Im
8CSMω

cos (ωt) cos (ϕ)−
Im

4CSMω
cos(ωt − ϕ)

(11)

where nu,j is the number of inserted SMs in the upper arm of
phase-j,CSM is the capacitance of each SM, andm is the mod-
ulation index defined as (Vm/Vdc). It is obvious that the volt-
age ripple is inversely proportional to the output frequency
while directly proportional to the output current amplitude.
Thus, in the case of zero frequency operation, the capacitor
voltage ripples will theoretically be infinite. Consequently,
and with the current MMC construction, the drive system
cannot properly operate at zero/low frequencies. Even more,
serious damagemay occur to the switching devices at this low
frequency range.

Fig. 2 illustrates the experimental results under an oper-
ating frequency of 0.5Hz, using the employed prototype
three-level five-phase MMC-based IM at a DC-link voltage
of 200 V. Due to the low operating frequency, the capacitors
voltages of the upper/lower arms SMs, shown in Fig. 2(a), sig-
nificantly deviate below/above the required reference voltage
of 100 V, which causes voltage ripples of 40-50%. With this
relatively high voltage ripple component, the machine line
current shown in Fig 2(b) is significantly distorted. Hence
the MMC will fail to drive up the motor at the required
conditions. Therefore, proper means of zero-/low-speed oper-
ation must be adopted with MMC-based VSDs operating at a
constant load torque.

III. PROPOSED X-Y CURRENT INJECTION CONCEPT
This section highlights the proposed role of the additional
degrees of freedom of a multiphase machine in MMC-based
IM VSDs. A five-phase system is employed in this study as
a possible practical option.

A five-phase system comprises two subspaces, namely,
fundamental torque producing (α-β) subspace, and a
secondary (x-y) subspace [36]. The transformation from
the time-variant variables to the decoupled space planes
can be calculated using Clarke’s transformation given
by (12). [

iαβxy
]
= [T ] [iabcde] (12)

where

[T ] =

√
2
5
.


1 cos γ cos 2γ cos3γ cos4γ
0 sin γ sin 2γ sin 3γ sin 4γ
1 cos 2γ cos 4γ cos γ cos 3γ
0 sin 2γ sin 4γ sin γ sin 3γ


and γ =

2π
5

Generally, the α-β plane contains the fundamental current
and harmonics of the order 10n±1, whilst harmonics of the
order 10n±3 are mapped to the x-y plane.

The stator and rotor voltages equations for the α-β and x-y
planes are given by (13)–(18) [30], [37].

vαs = rsiαs + pλαs (13)

vβs = rsiβs + pλβs (14)

0 = rr iαr + pλαr + ωrλβr (15)

0 = rr iβr + pλβr − ωrλαr (16)

vxs = rsixs + pλxs (17)

vys = rsiys + pλys (18)

Thus, the torque equation can be extracted as (19) [30], [37].

Te = K (λβsiαr − λαsiβr ) (19)

where K is a constant.
Based on the developed torque equation, only the α-β

subspace contributes to torque production, assuming sym-
metrically distributed windings. Ideally, the x-y current
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components can be considered as non-flux/non-torque pro-
ducing components. Hence, the x-y plane features a low
input impedance. This assumption, however, depends on the
adopted stator winding layout [38]. Theoretically, during
healthy operation, only fundamental sequence current com-
ponents flow in the machine stator under zero secondary
voltage components.

Since only two components are required to control the field
and torque components, the remaining states will, therefore,
introduce extra degrees of freedom. Consequently, and based
on these decoupled subspaces assumption, the x-y compo-
nents can be injected during either the IM starting or the
low-frequency operation with a certain magnitude and fre-
quency equal to or higher than the fundamental frequency
component. This way, the deviation of SMs capacitors voltage
during these periods will be avoided without affecting the
machine torque production. Consequently, the x-y current
injection will only take place during starting or at low-
frequency operation in case a constant load torque is to be
driven. The extra stator joule losses introduced in the sys-
tem, due to the injected x-y current currents, are minimized
by eliminating these secondary current components during
normal frequency operation.

Based on the machine model expressed in (13)-(19),
x-y current injection represents a simple and straightforward
method while offering the following merits:

• The x-y plane is orthogonal to the α-β plane; hence,
the control of both planes can independently be
achieved.

• The x-y currents contribution to the torque produc-
tion or the flux distribution can beminimized/eliminated
with a proper stator winding design [38].

• The impedance in the x-y plane is relatively low,
as it depends mainly on the machine leakage induc-
tances [30], [37], [39].

Fortunately, the control of x-y current components is
already inherited in all controller structures of multiphase
machines, whereas these secondary components are usually
set to zero. Therefore, orienting their control towards low-
frequency operation implies no additional complexity and/or
notable control burden.

IV. PROPOSED MULTI-PHASE MMC-BASED AC DRIVE
CONTROL STRATEGY
In the presented drive system, a five-phase IM is connected to
a three-level five-phase MMC. The proposed MMC consists
of a total of 20 HBs comprising 40 switching devices and 20
capacitors; in addition to 10 arm inductors (2 per each phase).
As explained in section II, a conventional MMC is not able
to start an AC machine from zero speed without employing
an approach for zero-/low-speed operation. Therefore, the x-
y injection concept is adopted, as will be detailed in this
section.

The block diagram of the proposed control strategy is
depicted in Fig. 3. The controller structure is classified into
three main sub-blocks.

A. x-y INJECTION CONTROL
In Fig. 3(a), the control scenarios of x-y injection are illus-
trated. These control actions take place when the drive system
operates at low frequencies or starts from standstill (zero fre-
quency). The function of the injected currents is the balancing
of the capacitors at zero and low frequencies. Referring to
(4)-(9), at zero fundamental frequency, the output current and
voltage are constants, so are the arm voltage and current.
Therefore, according to (9), the power delivered to the arm
capacitors is constant leading to constant increase or decrease
of the capacitors voltages.

As well, at low frequencies, the power delivered to
the arm is almost constant with respect to the capacitors
charge/discharge state.

Therefore, to avoid the imbalance at zero-/low-speed inter-
vals, the proposed technique utilizes the additional degrees
of freedom, already exist in the load current, to perform
capacitor balancing hence providing the desired torque and
speed without increasing the controller burden nor adding
extra measurements.

These currents should be injected at relatively high fre-
quencies around the fundamental and above. Under rated
speed operation, the reference x-y current component will be
set to zero to eliminate the losses introduced by these currents.

With this proposed concept and based on the given MMC
topology, two cases are detailed:

a) With capacitor voltage measurements (Fig. 3(a) bottom
left): In this case, voltage sensors are used to mea-
sure the instantaneous voltage of SM capacitors. For
a given phase, one of the capacitor voltages is selected
from the upper arm and compared to the corresponding
lower arm capacitor. The voltage error is then used to
decide the magnitude of the x-y current components
using a Proportional-Integral (PI) controller. Based on
capacitor voltages difference, the controller selects the
proper magnitude of x-y current components to ensure
zero steady-state error. Targeting one capacitor per
arm is only for stating the minimum requirement of
employing this control technique. Using one of the
capacitors in each arm should be sufficient as if two
capacitors of the upper and lower arms are balanced,
then consequently, the rest of the capacitors should be
balanced. However, using the upper and lower average
values by measuring all capacitor voltages will be more
reliable, yet at the expense of more voltage sensors.

b) Without capacitor voltage measurements (Fig. 3(a)
upper left): In order to reduce system cost and com-
plexity, voltage sensors may be omitted. In this case,
a customized function (20) in terms of the fundamental
α-βfrequency and rated machine current is defined.
The output of this predefined function is the magnitude
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FIGURE 3. Overall controller of the proposed x-y current injection approach indicating two different control scenarios
with or without voltage measurements. (a) x-y injection control. (b) V/f control. (c) Overall Schematic with capacitors voltage
balancing stage.

of the required x-y current components. As a simple
first assumption, this function changes the magnitude
of the injected x-y current components inversely to
the instantaneous operating frequency, such that the
machine phase current will be within its rated value.
At zero frequency, the function injects high frequency
x-y current components equal to the machine rated cur-
rent. Indeed, an improved I∗xy

(
ω∗αβ , i

)
function could

be studied, but the objective is illustrating the philoso-
phy of x-y current injection on the MMC operation.

I∗xy
(
ω∗αβ , i

)
= Irated

(
1−

ω∗αβ

ωfinal

)
(ω∗αβ < ωfinal) (20)

where ω∗αβ is the reference operating frequency, and
ωfinal is the frequency at which the injection is set
to zero and desired capacitors’ voltage ripples are
obtained.

The magnitude of the required x-y current components
is generated using one of the two aforementioned methods
then multiplied by two orthogonal sinusoidal waveforms
to provide the reference x-y current components i∗xs and
i∗ys. The x-y currents are injected at a high frequency to
enable a simple capacitor voltage balancing. The frequency
ω∗xy of this sequence voltage component is preferably set
higher than the rated frequency to avoid possible cusps and
dips in the torque/speed curve produced due to low order
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FIGURE 4. Illustration of the customized function in (20) to enable
zero-/low-speed operation without voltage measurements.

harmonics for slips near unity [38]. The severity of these
parasitic components on the machine starting will, of course,
depend on the stator winding layout as well as the speed
controller adopted.

In (20), as the speed (frequency) reference ω∗αβ increases,
the I∗xy decreases until reaching zero at ω

∗
αβ = ωfinal .

That is, the function enables inverse change between the
x-y components and the fundamental operating frequency.
The regulations of x-y current components are performed in
the Stationary Reference Frame using Proportional-Resonant
(PR) controllers. The PR controllers’ output represents the
reference x-y voltage components v∗xs and v

∗
ys. The expected

magnitude of the x-y voltage components is approximated
by (21).

V ∗xy(ω
∗
αβ , i) = ω

∗
xyLxyI

∗

xy(ω
∗
αβ , i) (21)

where Lxy is the input inductance of the x-y subspace.
At a certain preset frequency ωfinal , the injection process is

quit, and only fundamental α-β components are supplied to
themotor. The frequencyωfinal can be selected equal to or less
than the fundamental rated frequency. The expected change
in different sequence voltage components under conventional
V/f control is illustrated in Fig. 4.

B. SPEED CONTROL
Generally, the fundamental torque/flux regulation can be
either carried out using scalar or vector control techniques.
For high power applications, scalar V/f control may be suf-
ficient and will simply be employed in this study. A speed
controller is first used to provide the required slip frequency
based on the machine speed error. The machine reference
angular frequency can then be derived from the calculated
slip frequency and the measured rotor speed. A conventional
linear V/f control is used to produce the fundamental voltage
components v∗αs and v

∗
βs, as shown in Fig. 3(b). The reference

phase voltages are then derived from the reference α-β and
x-y voltage components by applying inverse Clarke’s trans-
formation. These reference phase voltages are then applied
to the capacitors voltages balancing algorithm.

C. CAPACITOR VOLTAGE BALANCING ALGORITHM
SMs capacitors’ voltage balancing is crucial in order to ensure
proper operation of the MMC. A Phase Disposition (PD)

FIGURE 5. Experimental prototype. The five-phase IM (bottom right) is
fed through the three-level MMC and controlled using the DSP board.
A DC machine (bottom left) represents the load torque.

TABLE 1. Specifications of experimental setup.

sensor-based balancing technique, presented in [40], can be
used in case capacitors voltages are measurable. Whilst,
a sensor-less capacitor voltage balancing technique, adopted
in [41], is alternatively used in this work. Thereafter, the bal-
ancing algorithm generates the required switching control
signals for different switching devices. Fig. 3(c) illustrates the
overall scheme of the proposed control system.

V. EXPERIMENTAL RESULTS
A downscaled laboratory prototype of a three-level five-
phase MMC-based IM drive system has been constructed
for experimental validation. A photograph of the entire
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FIGURE 6. Experimental results of SM capacitors without the x-y currents
injection control at frequencies: (a) 0.5 Hz, (b) 1 Hz, (c) 2 Hz, and (d) 5 Hz,
where vcuo and vclo are the average upper and lower arm voltages.

prototype system is shown in Fig. 5. It consists of a pro-
grammable DC power supply, a three-level five-phase MMC,
a 1 kW five-phase IM, a Digital Signal Processor (DSP)
TMS320F28335 control unit, a speed sensor, current and
voltage signal acquisition unit. The specifications of the
experimental setup are stated in Table I. The given reactance
values are measured at 50 Hz. One of the main advantages
of MMCs is the good quality of the output waveforms at
low switching frequencies, yielding low switching losses.
Therefore, the employed switching frequency is set to 625Hz.
A capacitor voltage sensorless control approach is adopted in
this study.

FIGURE 7. Experimental results of SM capacitors voltage with the x-y
currents injection control at frequencies: (a) 0.5 Hz, (b) 1 Hz, (c) 2 Hz, and
(d) 5 Hz.

Hence, (20) is used to provide the magnitude of the x-y cur-
rents component. The experimental case studies investigate
twomodes of operation, namely the low-speed operation, and
the motor starting, from zero up to rated speed.

A. LOW-SPEED OPERATION
In this subsection, a comparison between the low-speed oper-
ation of the drive system with and without injecting the x-y
currents is performed. The experiment is carried out at funda-
mental operating frequencies of 0.5, 1, 2, and 5Hz, and the x-y
currents are injected at a frequency of 70Hz, which is selected
to be higher than the rated machine frequency of 50Hz. The
DC-link voltage applied for the injection method is 300V,

14360 VOLUME 7, 2019



M. I. Daoud et al.: Zero-/Low-Speed Operation of Multiphase Drive Systems With MMCs

FIGURE 8. Experimental results of phase- a arm currents with the x-y currents injection control at frequencies: (a) 0.5 Hz, (b) 1 Hz,
(c) 2 Hz, and (d) 5 Hz.

FIGURE 9. Experimental results of machine currents at 2 Hz fundamental frequency. (a) α-β current components. (b) x-y current
components.

FIGURE 10. Experimental results of full range operation running up from 0 Hz to 16.667 Hz with constant load torque. (a) Capacitors voltage. (b) RMS
values of α-β and x-y voltage components. (c) Motor speed.

whilst the voltage applied under no-injection operation was
200V, to avoid overvoltage stresses due to the induced high
capacitor voltage ripples. The obtained capacitors voltages of
phase ‘a′ are shown in Fig. 6 and Fig. 7. It is clear that the
voltage ripples are high and in the range of 30-50 % as shown

in Figs. 6(a), 6(b), 6(c), and 6(d) since at low frequencies,
the time required to change the state of charge/discharge of
the capacitor will be relatively high. When the x-y current
injection control method is applied, the motor was able to
start smoothly at the same frequency with a low ripple content
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FIGURE 11. Experimental results of 50 Hz operation. (a) Capacitors voltage, (b) x-y voltage components. (c) Phases a, b, c, and d currents.
(d) FFT spectrum of phase current. (e) Rated α-β current components. (f) FFT spectrum of α-β current components. (g) x-y current
components. (h) Motor speed.

(lower than 5%), as shown in Figs. 7(a), 7(b), 7(c), and 7(d).
Fig. 8 shows the upper and lower arm currents of phase
‘a’ while injecting x-y current components at 0.5, 1, 2, and
5 Hz fundamental frequencies. Fig. 9 illustrates the machine
currents at a fundamental frequency of 2 Hz and rated torque.
Fig. 9(a) shows the fundamental α-β currents whilst the x-y
currents with a frequency of 70 Hz are shown in Fig. 9(b).

B. MACHINE STARTING
Fig. 10 shows the system performance during starting from
zero speed till reaching a steady-state speed of 500 rpm
(fundamental frequency of 16.667 Hz). Fig. 10(a) shows the

capacitors voltages of phase ‘a’. They are smoothly building
up until reaching steady-state with a percentage ripple voltage
magnitude of 3%. Fig. 10(b) shows the RMS values of the
injected x-y voltage components as well as the main α-β volt-
age components. At zero frequency, the controller injects high
x-y components to enable adequate balancing of capacitors
voltages, hence proper motor starting. Then, the x-y voltages
are reduced as the capacitors voltages reaching their reference
value of 150 V and the fundamental frequency, ω∗

αβ , starts
to increase. At a frequency of 16.667 Hz (500 rpm), the
x-y voltages reach their zero steady-state values. While the
fundamental frequency increases, the reference α-β voltages
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start to build up to ensure constant air gap flux until reaching
their steady-state value based on conventional scalar V/f
control.

For the given prototype, the required x-y voltage com-
ponent was found to be relatively high due to the high
impedance of this subspace with the single layer winding
employed. However, this has nothing to dowith themaximum
converter voltage utilization since these voltage components
are only presented under low-speed operation. Employing
double layer stator winding designs would highly suppress
this voltage component. The corresponding machine speed is
shown in Fig. 10(c).

Fig. 11 illustrates the drive system behavior at rated
machine frequency of 50 Hz. The capacitors voltages of
phase ‘a’ at steady state contain a low ripple component
of 1% as shown in Fig. 11(a). The control function is set to
bring the x-y voltages to zero, at a frequency of 25 Hz, then
the motor is accelerated until reaching rated frequency. The
x-y voltages at steady-state (50Hz) are shown in Fig. 11(b).
The corresponding phase currents are shown in Fig. 11(c).
Fig. 11(d) indicates the harmonic spectrum of phase ‘a’ cur-
rent at steady state condition. The corresponding THD in the
phase currents is 12% at a switching frequency of 625 Hz.
The steady state torque producing α-β current components
are balanced at fundamental frequency as shown in Fig. 11(e).
The corresponding THD presented in the α-β current compo-
nents, which is more indicative in drive systems, is only 4.5%
as shown in Fig. 11(f), which implies lower ripple content
in the steady state output torque. The corresponding steady-
state x-y current components are shown in Fig. 11(g), where
a complete elimination to the x-y current components with
simple PR current controllers tuned at fundamental frequency
will hardly be obtained under this relatively low switching
frequency. Employing a multiple resonant current controller
structure will highly suppress this effect. Finally, the vari-
ation of machine speed profile, according to the applied
speed reference, from standstill to the rated speed is shown
in Fig. 11(h).

VI. CONCLUSION
This paper introduced an approach for exploiting the addi-
tional degrees of freedom of a five-phase machine to enable
stable operation of an MMC-based drive system under zero-
/low-speed operation. The x-y plane’s current components are
injected under zero-/low-speed operation to enable adequate
capacitors voltages balancing. These injected secondary cur-
rent components are reduced as the machine start to accel-
erate up to higher speeds. With the given proposed concept,
the experimental validation proved that the capacitor voltage
can be as low as 5% under very low fundamental frequency.
The salient advantages of the proposed technique can be
summarized as follows:

1) No additional control algorithm is required as the con-
trol of the x-y currents is inherited in any multiphase-
based drive system.

2) The injected x-y currents do not contribute to torque
production.

3) Since the injected x-y voltage components are only
required under low-speed operation, the proposed con-
cept will not affect the converter maximum voltage
utilization.

4) The proposed x-y injection method is valid for any
multiphase machine with distributed stator windings.

5) The proposed technique uses only the output current to
perform balancing during zero-/low-speed intervals.

6) Only output current sensors are required.
7) No change in the converter current rating is needed.
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