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Abstract. With the development of flywheel technology, the speed and the voltage level of flywheel
continue to increase. The Z-type self-balancing modular multilevel converter can have a wide frequency

range at medium voltage and is suitable for flywheel driving application. However, the voltage and current
characteristics of the flywheel and the variable frequency drive still affect capacitor voltage balance in each

phase-leg. The new balance of capacitor voltage can be achieved by controlling the circulating current. This
paper proposed a control algorithm of the novel Z-type self-balancing modular multilevel converter for
flywheel driving applications. Simulation results are presented to validate the theoretical analysis.

1 Introduction

Distributed energy system is an advanced model for
future energy development. The distributed energy
system is referring to the combination with various
integrated or stand-alone modular power generation
devices with a capacity of several kW to 50 MW and
energy storage systems. Flywheel energy storage system
is a new type of energy storage system which stores
electrical energy as kinetic energy of the rotating
flywheel and discharges the energy by converting kinetic
energy into electrical energy[1,2]. As the capacity of the
flywheel increases, the voltage level also increases. At
present, most researches on FESS focus on structure of
flywheel[3,4]. There are relatively few studies on the
application of the medium voltage modular multilevel
converter to the flywheel.

Common multilevel topologies are divided into four
basic topologies: the neutral point clamped (NPC)[5], the
flying capacitor (FC)[6], the cascade H-bridge (CHB)[7],
and the modular multilevel converter (MMC)[8,9]. The
number of diodes in NPC and capacitors in FC increase
drastically with the number of levels. CHB needs many
separated DC sources which limits its application. Less
number of power switches or capacitors, and only one
DC source are used in MMC. Because the capacitors of
submodules are floating to generate multilevel output,
the capacitor voltage balancing issue is the major
problem to the MMC.

Reference [10] proposes a novel Z-type modular
multilevel converter(ZTMMC) with capacitor voltage
self-balancing capability. With the help of clamping
circuits in the Z-type submodules (ZT-SMs), inner
energy loops are created to balance the capacitor
voltages. Due to simple control algorithm and perfect
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voltage balancing performance, the ZTMMC is a
suitable solution for flywheel energy storage system.

This paper proposes a control algorithm of the novel
Z-type modular multilevel converter for flywheel driving
applications. The circulating current can influence the
capacitor voltage in each phase-leg. The capacitor
voltage balance in each phase-leg is achieved by
controlling the circulating current. For flywheel drive,
the circulation current fundamental angle need
compensation.

The rest of the paper is organized as follows. Section
2 introduces topology configuration for flywheel energy
storage system. Capacitor voltage in each phase-leg is
analysed and its control algorithm for flywheel is
proposed in Section 3. Then, Section 4 introduces
simulation results based on MATLAB. A conclusion is
presented in Section 5.

2 Topology Configuration

A topology for flywheel driving applications with Z-
Type submodules is shown in Figure 1. It includes three-
phase unit, each phase contains two upper and lower
bridge arms and two bridge arm inductances. One side of
the upper and lower bridge arms passes through the
bridge arm inductance connected as the AC output side,
and the other side of the upper and lower bridge arms are
connected in parallel to the common DC bus. Each
bridge arm is connected by 5 cascaded Z-Type
submodules.
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Figure 1. Topology of a three-phase MMC for flywheel based
on the ZT-SM.

The bridge arm voltage of the Z-type self-balancing
modular multilevel converter is synthesized from the
output voltages of 5 submodules. For a single submodule,
the power level of the left and right clamping circuits of
the Z-type sub-module is much lower than that of the
main power circuit. Therefore, only the main power
circuit of the Z-type submodule is analysed, and its
switching mode is shown in Figure 2. In the figure,
vepr(p=a,b,c; x=u,l; 1<j<5) is the capacitor voltage
of the submodules in the bridge arm, the left and right
capacitors in the submodules are equal and half of the
total capacitance of the submodules, which is shown in
formula (1).
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Figure 2. Submodule switching mode.

The switch function of the submodule can be
expressed as:

19
SPXJ = O,

The output voltage of submodule can be expressed as:

S, and S; areon, S,, is off.

Sy ison, Sy and S, are off.

Vpx,j = Spx, jVepx, j (3)

When the submodule is on circuit, the capacitor
voltage of the submodule follows the change of the
bridge arm current, which can be expressed as

de X, j .
¢ di -= SPX,.ilpx “4)

Each bridge arm of the Z-type self-balancing
modular multilevel converter is composed of 5 Z-type
submodules in series. According to formula (3), the
output voltage of the bridge arm can be expressed as

5 5
Vﬁxﬂ. zvlﬂal z( px, /vCpx J (5)

J=1 J=1

The cascaded bridge arm of the Z-type submodule
has the characteristic of internal capacitors self-
balancing, ignoring the ripple of the switching frequency,
and the capacitor voltage can be expressed as

Vepx,l = Vepx,2 = Vepx,3 = Vepx,da = Vopx,s = Vepx (6)
Define the number of sub-module inputs in the

bridge arm as 7.

5
npx = Zpr,j (7)

dvcpx ) 3

The output voltage of the bridge arm can be
equivalent to a controlled voltage source, and the current
flowing through the capacitor can be equivalent to a
controlled current source. The single-phase equivalent
circuit of the Z-type self-balancing modular multilevel
converter is shown in the figure 3.
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Figure 3. The single-phase equivalent circuit of the ZTMMC.

According to Kirchhoff's voltage law, formula (9)
can express voltage loop of upper and lower bridge arms.
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In the figure 3, i, is the internal circulation current of
the phase. According to Kirchhoff's current law, formula
(10) can be derived.

lpcir - 2 (10)

The mathematical model of the Z-type self-balancing
modular multilevel converter can be expressed as

I 0 0 npu n[m i
NC 2NC 0
Vepu 0 0 My My Vepu 0 ( 11 )
ARG/ NC  2NC || Yol | | Vg
dt| i, M My R 0 Ipe 2L
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3 Control Algorithm for Flywheel

3.1 Capacitor Voltage in Each Phase-Leg

In closed-loop modulation, the number of input
submodules in the upper and lower bridge arms is
obtained by dividing the reference voltage of the bridge
arm output by the actual value of the sub-module
capacitor voltage.

ref
_Vpu
npu = N
cpu (12)
ref
Vol
_'p
n ;=
p
Vepr

Substituting formula (12) into formula (11), the
mathematical model of the internal bridge capacitor
voltage of the ZTMMC under closed-loop modulation
can be simplified as

2
[

2 dt oo pu (13)
1 dvépl _ o ref .
ENC I Vol Lpi

In order to simplify the analysis, the energy of the
upper and lower arms of the ZTMMC is defined as

1 2
E,, = ENCVCW

: (14)
E, = Echgp,

According to formula (14), the total energy of the
bridge arm and the differential energy of the bridge arm
in each phase of the ZTMMC can be expressed as

X _
E;=E, +E,

-E

pl pu

(15)
A
Ey=E

Combining (13), (14), (15), the differential equations
of the total energy of the bridge arm and the differential
energy of the bridge arm in each phase of ZTMMC can
be obtained as

z
dEP - ref ;
5= Vet Vi dp
i (16)
P ref .
i 2v;f({zpc —v;?,fzp

It can be seen from formula (16) that the total energy
of the bridge arm and the differential energy of the
bridge arm in each phase of ZTMMC are simultaneously
affected by the AC side current and the internal
circulating current.

3.2 Capacitor Voltage in Each Phase-Leg

Since the AC side current of the ZTMMC is limited by
the requirements of the application, the control of the
capacitor voltage of the bridge arm is usually achieved
by controlling its internal circulating current. The
internal circulating current mathematical model of the Z-
type self-balancing modular multilevel converter can be
obtained as

el (17)

2Ldl§,%+ ZRipcir = Vdc pcir

Therefore, the internal circulating current control can
be achieved by adjusting the sum of the output voltage of
the upper and lower bridge arms. At the same time, the
system transfer function of the internal circulating
current of the Z-type self-balancing modular multilevel
converter is a first-order system, which can be realized
by PI control. The control block diagram is shown in
Figure 4. G(s) is the transfer function of PI control, and
Gu(s) represents the system delay caused by the PWM

modulation, measurement and control cycle.
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Figure 4. The circulating current control of the ZTMMC.

The reference value of the circulating current is
controlled by the bridge arm energy outer loop. The
overall control diagram of the converter is shown in
Figure 5. The reference value of the circulating current
can be divided into two parts, one part is generated by
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the total energy controller of the bridge arm, and it is to
designed to maintain the stability of the total energy of
the bridge arm; the other part is generated by the bridge
arm differential energy controller, which is designed to
suppress the deviation between the energy of the upper
and lower bridge arms[12-14].

Total Energy
Controller

Differential Energy
Controller

Figure 5. Circulating Control diagram of ZTMMC under
closed-loop modulation

In the Figure 5, 6, is the magnetic field orientation
angle of the flywheel. The capacitor voltage balance of
the upper and lower bridge arms can be controlled by the
internal circulating current, and the differential controller
follows 6, which can be realized in a wide output
frequency. It is suitable for flywheel with variable output
frequency.
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Figure 6. Control block diagram of the ZTMMC for flywheel
driving application.

The control block diagram of the ZTMMC flywheel
driving is shown in Figure 6. The phase current of the
flywheel is transformed into dg axis through coordinate
transformation, and two PI controllers regulate the d-axis
and g-axis current respectively. The reference of the d-
axis current is set to be zero, while the reference of the
g-axis current is given by the PI controller of the speed
loop. Because the initial frequency in the start process of
the flywheel is very low, the fundamental frequency
circulating current injected by the differential energy
controller is not effective. Under low frequency

operation, high frequency circulating current injection is
used[15].

4 Simulation results

In order to verify the voltage balance capability between
the upper and lower bridge arms of the Z-type modular
multilevel converter for flywheel driving application,
this section builds a 3 kV three-phase Z-type self-
balancing modular multilevel converter simulation
model the Matlab/Simulink environment. The main
simulation parameters are shown in Table 1.

Table 1. System Parameters in the Simulation

Symbol Parameters Values
Ve DC-link voltage 3kV
N Total number of submodules per arm 5

Csm Submodule capacitance 1.8mF
L Arm inductance 2mH
L; Clamping inductance 47uH
fc Carrier frequency SkHz
fo Output frequency 0~300Hz
Uy RMS value of flywheel line voltage 1.2kV
P, Rated power 500kW
P Number of pole pairs 2
n, Rated speed 9000rpm

4.1 Formatting the title, authors and affiliations

In order to verify the upper and lower arm capacitor
voltage balance of the Z-type self-balancing modular
multilevel converter, the capacitor voltage balance effect
is shown in Figure 7.
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Figure 7. Speed and capacitor voltage waveform in simulation.

When t=0s, the speed of the flywheel is 9000rpm, the
reference speed is set to 8500rpm, and the flywheel
discharges. When t=2s, the speed of the flywheel is
8500rpm, the reference speed is set to 9000rpm, and the
flywheel stores energy.

Before the simulation time 7=0.5s, only the total
energy of the arm capacitor voltage is enabled, after
t=0.5s, the differential energy control is enabled. Due to
the self-balancing characteristics of the topology, the
capacitor voltage of the upper and lower bridge arms
reaches a stable value before the differential control is
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enabled, but there is still a small amount of deviation.
This part of the deviation quickly converges by the
differential energy controller.

when the speed reaches 8500rpm or 9000rpm, the
active component of the system is only the friction loss
of the flywheel, and the capacitor voltage of the upper
and lower bridge arms can still be stabilized at 600V.

4.2 Steady State Operation Performance

In order to verify steady state operation performance of
the Z-type self-balancing modular multilevel converter,
the capacitor voltage balance effect is shown in Figure 8.
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Figure 8. Three-phase output voltage and current waveform in
simulation.

As shown in Figure 8, the voltage and current have a
phase difference of approximately 90°, and the converter
mainly outputs reactive power. The upper and lower
bridge arm capacitor voltages still maintain 600V. It
validates that the bridge arm capacitor voltage can still
be well balanced when the Z-type self-balancing
modular multilevel converter is working at a reactive
state.

5 Conclusion

A capacitor voltage control algorithm of the novel Z-
type self-balancing modular multilevel converter for
flywheel driving applications is proposed in this paper.
Each arm only needs to measure one capacitor voltage,
and the balance of all capacitor voltages in all arms can
be achieved under wide frequency through circulating
current control. When the speed of the flywheel is stable
and the converter outputs reactive power, the capacitor
voltage can still be well balanced. With modular
structure, simple control algorithm, four-quadrant
operation, balancing performance, the Z-type MMC is a
suitable solution for medium voltage flywheel driving
applications.
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