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Abstract: A flexible group battery energy storage system (FGBESS) based on cascaded multilevel
converters is attractive for renewable power generation applications because of its high modularity
and high power quality. However, reliability is one of the most important issues and the system may
suffer from great financial loss after fault occurs. In this paper, based on conventional fundamental
phase shift compensation and third harmonic injection, a hybrid compensation fault-tolerant method
is proposed to improve the post-fault performance in the FGBESS. By adjusting initial phase offset and
amplitude of injected component, the optimal third harmonic injection is generated in an asymmetric
system under each faulty operation. Meanwhile, the optimal redundancy solution under each fault
condition is also elaborated comprehensively with a comparison of the presented three fault-tolerant
strategies. This takes full advantage of battery utilization and minimizes the loss of energy capacity.
Finally, the effectiveness and feasibility of the proposed methods are verified by results obtained from
simulations and a 10 kW experimental platform.
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1. Introduction

Recently the battery energy storage system (BESS) has provoked much research attention because
of its particular advantages: high charge-discharge efficiency, high energy density, fast response,
high controllability and redundancy feasibility [1-4]. A flexible group battery energy storage system
(FGBESS) consists of cascaded submodules, integrating the battery pack with a high-power converter
as a flexible group. This provides a flexible energy management solution for improving energy
utilization and the power quality in renewable-energy power generation systems, especially in the
electrical vehicle field [5,6]. Compared to a conventional BESS, high capacity and state-of-charge
(SOC) consistency is only required inside each low-voltage battery pack instead of all the batteries.
The charging and discharging currents of each group can be controlled independently, which improves
battery utilization and extends the full cycle life of all batteries.

The cascaded multilevel converter is one of the most suitable topologies for an FGBESS due
to its superior characteristic of using lower-voltage semiconductor switches. This produces lower
total harmonic distortion (THD) and higher modularity, better contributing to simple voltage-scaling
configuration compared to conventional inverters [7]. However, due to a large number of power
switching devices used and high switching voltage stresses on semiconductor devices, the fault
probability becomes higher, and reliability, hence, decreases considerably [8]. Moreover, since there
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is still great inconsistency in the battery parameters of submodules despite the implementation of
equalization control in FGBESSs, it may not be possible for all of the cells to reach the cut-off voltage
simultaneously during the charging or discharging process [9]. In the so-called “quasi-fault” operation,
the cell with the lowest capacity in the storage system will reach the voltage limit first, and the whole
pack then has to be terminated immediately as a “faulty” cell. Thus, this converter’s reliability is
relatively lower compared to the conventional converters.

Although it is possible for the converters to continuously keep operating in their pre-fault
condition by increasing the reliability using redundant cells after the faulty cells are bypassed, the costs
will also increase significantly if there is a large number of faulty cells [10]. Furthermore, owing to
battery inconsistency mentioned above, the battery energy storage system is severely subjected to
failure as a consequence of failure in the quasi-fault condition. This leads to extreme financial costs in
applications in the commercial and industrial sectors. Therefore, developing fault-tolerant operation
schemes is of prime importance for both fault and “quasi-fault” operations. In an FGBESS, because
the probability of fault occurrence is higher than in other multilevel converters, fault-tolerant control
requires specific consideration and design. This is for the sake of safety and to create higher available
storage capacity and system utilization.

Several fault-tolerant control strategies have been recently investigated in the literature and are
centered on two main topics: (1) techniques that reorganize the converter hardware topology and
(2) schemes that modify the converter control algorithm. Moamaei et al. [11], using backup redundant
cells, proposed a method to balance line voltages and improve system reliability after failure. These
additional components result in a considerable waste of hardware resources. Kandasamy et al. [12]
described a modified multi-dimensional pulse width modulation strategy to achieve SOC balancing
with balanced line voltages. However, the control algorithm may not be available in FGBESSs because
fault signals are not always accessible, even from a real-time state-of-health monitoring system.
Carnielutti and Wang et al. [13,14] proposed a method to maintain continuous operation and SOC
balancing of the remaining healthy battery units by shifting the neutral point with a star configuration.
However, the original voltages in normal operating conditions still cannot be achieved, and this
approach can only be applied in three-phase three-wire systems. Although the above methods have
provided significant fault-tolerant solutions for cascaded multilevel converters, the impact of battery
inconsistency in FGBESSs has not been fully considered.

The few works concerned with battery inconsistency in the fault-tolerant operation of cascaded
converters in BESSs are only concerned with scant fault cases [15,16]. Meanwhile, the relationship
between fault redundancy strategies under different faulty operations and maximum battery utilization
is still not clear. Since the operation of an FGBESS is influenced by the SOC in each cell, the number
of faulty cells and their distribution among three phases in different fault conditions represent
great randomness and unpredictability. This leads to a higher voltage gain and smaller margins
for redundancy control. If there is only one fault solution used for all fault conditions, as previous
literature proposed, the modulation limit is easy to exceed under battery SOC inconsistency due to
a smaller redundancy margin and a high voltage gain boosted in the system. The post-fault system
will then be influenced by over-modulation in the remaining cells, which decrease the power quality
severely and fail to generate the greatest battery utilization. Thus, it is necessary to propose optimal
control strategies considering every fault operation condition.

To improve the performance of the FGBESS under faulty conditions, three fault-tolerant methods
are presented for different fault operations in this paper. Based on the conventional fundamental phase
shift compensation (FPSC) and third harmonic injection (THI) methods, a novel hybrid compensation
method is also proposed to fully improve the battery utilization in remaining cells in the FGBESS.
By adjusting the initial phase offset as well as the initial amplitude, the optimal third harmonic
component can be injected into an asymmetric system after fault occurs, especially in “quasi-fault”
operations where there are many faulty cells due to great SOC inconsistency. Additionally, by
comparing the corresponding suitable operations of each operation algorithm presented in this paper,
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the optimal solution under each fault condition has been implemented for extending working times of
the healthy cells in charging/discharging progress, thus making better use of the converter capability
to prevent unnecessary system shutdown.

This paper is organized as follows: Section 2 introduces a brief background for the flexible group
energy storage converter. The conventional FPSC and THI are presented and a hybrid compensation
method is proposed subsequently in Section 3. The optimal solution under each fault condition
is also proposed in this section. The simulation results for fault-tolerant control methods and
experimental results from a seventeen-level three-phase FGBESS are provided in Section 4 to validate
the effectiveness and feasibility of the presented methods. Final conclusions with suggestions for
potential future research are drawn in Section 5.

2. Configuration and Operation Principles

2.1. Converter Topology

The FGBESS comprises a series connection of H-bridge cells. Figure 1 illustrates the circuit
diagram of the system. Each cell consists of four power switches and a battery pack connected to a DC
link. This DC link is equipped with a pre-charge relay comprised of K1, K2, and a pre-charge resistance
R for preventing damage to switches caused by a sharp capacitor charging at the startup stage. At the
converter side, K3 is used to bypass the whole cell; K1 turns off when the submodule fails for the sake
of battery pack safety. The switching devices work in the complementary state, leading to four binary
combinations that generate three output voltage levels (£ VB and 0) with equal battery pack voltage
VB. Since there is a series connection of N cells in each phase, 2 N + 1 voltage levels can be generated
from —NVB to NVB.
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Figure 1. Construction of a flexible group battery energy storage system.

2.2. Power Control

A large variety of modulation methods for multi-cell topologies have been studied in recent years,
and some of them can be employed to control the proposed flexible group converter [17]. Among
them, phase shifted pulse width modulation (PS-PWM) is suitable for the FGBESS in this paper due
to its better harmonic performance and simple implementation [18]. In this grid-connected system,
the active and reactive power can be controlled by the d-component current (Id) and the g-component
(Ig) in vector-oriented control to obtain the desired output current [19]. Figure 2 shows the vector
oriented control diagram.
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Figure 2. Power control block diagram for a flexible group battery energy storage system (FGBESS).

3. Fault Control Strategy

Fault detection and localization are the basis of fault-tolerant control. In recent years, many
feasible fault diagnosis and localization methods have been proposed [20-22]. Therefore, assuming
that the fault location has already been detected and faulty cells have been bypassed, this paper mainly
focuses on redundancy control strategies suitable for a battery energy storage system.

Since the faulty cells have been bypassed, the voltages of the remaining cells increase significantly,
resulting in a higher probability of over-modulation. This causes larger THD in grid current and
reduced grid power quality. To make a comparison of the effects of different control strategies under
various fault conditions, a fault recovery gain (k) is presented as

= 12 0
Vsf
where Vg, and Vi are the peak values of submodule voltage modulating signals under the fault
condition and in normal operation, respectively. The peak voltage dominates the possibility of
over-modulation in comparison with the nominal voltage. k;, represents the voltage gain in each cell
after a fault to fully recover the amplitude of output voltages in the normal condition. A smaller k;;,
leads to a smaller increase in the peak voltage of each remaining cell, contributing to less probability of
over-modulation and a better control effect.

The conventional fault-tolerant control strategy directly increases the voltage gain of the faulty
phase to fully recover the amplitudes of output voltages to pre-fault condition. The fault recovery
factor of the conventional control method is

_ Y _N
K = v, " M @
where N is the number of cascaded remaining cells in each phase (or cascaded number) in normal
operation, and M is that in the faulty phase. Although this method is simple, it leads to large voltage
stress in the remaining cells in the faulty phase. Thus, considerable redundancy submodules are
needed in the system to increase the faulty margin, coming at great financial cost to the company.
Therefore, this paper presents three fault-tolerant control strategies for different fault situations in order
to improve post-fault performance when a fault occurs with the lowest probability of over-modulation.

3.1. Fundamental Phase Shift Compensation

Fundamental phase shift compensation (FPSC) modifies phase angles of the converter phase
voltage to generate balanced line-to-line voltages after a fault occurs [23-25]. This is a suitable solution
in some fault conditions in some fault conditions where faulty cells are mainly concentrated in one
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phase of the FGBESS. To obtain balanced line voltages, the following equations should be satisfied
between phase voltages V;, V}, and V. and phase angles 0, 8., and 6.,. The modified phase angles
can be found from equations

V2 + V2 —2V,V} cos 0y = VZ + V2 — 2V, Ve cos O,
V2 + V2 =2V, Ve cos Oy = V2 + VZ — 2V, V, cosb,c . (3)
VZ+ V2 =2V, Ve cos Oy = V2 + V2 — 2V, V}, cos Oy,

Conventional FPSC only generates balanced line voltages after phase angles are modified.
However, the system is not eventually restored to the exact parameters of the previous operation,
as the amplitudes of the line voltages obtained are smaller. Therefore, a modified FPSC for fault-tolerant
control in FGBESSs is proposed in this paper. After the line voltages are rebalanced, the submodule
modulation index should also be appropriately enlarged using the fault recovery factor to thoroughly
resume the converter operation. This is done with the equation

_ MV Vi
MVes M% Vig

4)

m

where V; is the peak phase voltage under normal operation, MV, /N and Vs represent the phase and
line voltages without k;,, and V’s and V1, are the voltages after k;, is added. M stands for the cascade
number of remaining cells in each phase, which could also be separately expressed as N4, Np, and N¢
if there is any difference in the cascaded number among these phases. The voltages after adjustment
are calculated as

Vg = km%vs sin(wt)

vy = km%vs sin(wt — 0,p) - ()

Ve = km%vs sin(wt + 0¢,)

The phasor diagram of FPSC is shown in Figure 3. For a 17-level flexible group converter shown
in Figure 1, there are eight submodules cascaded in each phase during normal operation. Assuming
that there is one bypassed cell in Phase A, the number of remaining cells in Phases A, B, and C would
be seven, eight, and eight, respectively; this is called the “788” state in this paper. Figure 3a shows
that, in normal operation, the maximum amplitude of the line voltage is 13.8 p.u. (1 p.u. = V5/N).
After bypassing the faulty cell, as shown in Figure 3b, the amplitude of V), is still 13.8 p.u., while the
magnitudes of V¢, and V,;, are reduced to 13 V. (13 p.u.). This means the line-to-line voltages are
no longer balanced. Figure 3c demonstrates how modifying the phase angle can lead to a balanced
line voltage. According to Figure 3, the phase angles should be adjusted as 6,, = 126.8°, 8. = 106.4°,
and 6, = 126.8°. The line voltage is reduced to 13.4 p.u. after the application of the FPSC. Figure 3d
shows the voltage phasor diagram after adding a fault recovery factor. It can be concluded that line
voltages are fully recovered to the pre-fault condition without generating unbalanced phase voltages
by applying the proposed method.

Compared with the conventional strategy, this method has great significance for FGBESSs under
fault conditions by evenly distributing the rise of voltage stress among all switches. It does this
especially in conditions where faulty cells are mainly centered in a single phase, while large redundancy
margins are available in the other two phases. The control strategy can generate rebalanced line
voltages without any pollution to the power grid after a fault occurs, while totally restoring the
system to normal operation after failure by adding a fault recovery factor. The proposed method has
effectively lowered the risk of over-modulation in the faulty phase caused by directly increasing the
modulation index.
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Figure 3. Fundamental phase shift compensation control block diagram, (a) Output voltages under
normal operation; (b) Output voltages after one faulty cell bypassed; (¢) Output voltages after
modifying phase angles; (d) Output voltages after adding the fault recovery factor.

3.2. Third Harmonic Injection Control

As mentioned above, FPSC is often used to obtain balanced three-phase line voltages via
redundancy margin compensation. However, owing to the stochastic distribution of the remaining
faulty cells in the FGBESS, FPSC provides limited improvement in conditions where the number of
faulty cells located in each phase has significant differences, such as “668” and “678” states. This
irregular distribution results in a greater phase angle offset, as well as a larger (k) for generating a
balanced line voltage. This significantly increases the modulation ratio of each healthy cell and the
probability of over-modulation. Thus, an alternative method is recommended for consideration in
FGBESSs in these conditions.

A third harmonic injection (THI) is an effective way to improve DC voltage utilization in the
above situations [26]. Since the same third harmonic is injected in each phase voltage, there is zero
average active power generated. The fundamental components of output current and voltage will not
be changed. In a symmetrical system, a third harmonic injection with an amplitude 1/6th that of the
fundamental frequency component achieves the highest output voltage without over-modulation [27].

In this section, a fault redundancy strategy based on the third harmonic injection is proposed.
After adding up different voltage gains to each phase based on their submodule cascaded amounts,
a third harmonic with an amplitude 1/6th of the fundamental frequency is subsequently injected
to bring down the phase voltage peak and, as a result, lower the modulation index while keeping a
balanced line voltage. The output voltages after injection are as follows:

v, = Vs sin(wt) + Vs sin(3wt) /6
vy = Vgsin(wt — 271/3) + Vg sin(3wt) /6 . (6)
v = Vssin(wt + 27/3) + Vs sin(3wt) /6

For example, in the abovementioned flexible group cascaded H-bridge (CHB) converter in “667”
state, the peak voltage in the three-phase symmetric system becomes 0.866 times lower than the
original value (or 0.866 V) after a third harmonic injection (Figure 4a).

Figure 4b presents the voltage modulation waveform of a remaining submodule in Phase A.
The amplitude is 1/8 Vg during normal operation and increases sharply to 1/6 Vs with the conventional
fault strategy. This distributes the burden evenly to all remaining cells in the faulty phase. Similarly,
after a THI, the amplitude of the modulation waveform in each cell shrinks to 1/6th of 0.866 V.
As mentioned above, for the system with N modules cascaded in each phase,

 0.866N

k
" N, min

@)
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where Npin equals the minimum value of the cascade number among Phases A, B, and C. Although
the third harmonic varies due to the different numbers of remaining cells in each phase, the THI
control presents a feasible solution to taking full advantage of battery capacity without generating any
over-modulation. It does this while balancing line voltages to sustain a normal operation status under
fault occurrence.

0.866V

@) (b)

Figure 4. Third harmonic injection control block diagram. (a) Three-phase modulating waveforms
in pre-fault and post-fault conditions. (b) Submodule output voltages in Phase A in pre-fault and
post-fault conditions.

3.3. Hybrid Compensation Control

It is clear that FPSC generates a balanced voltage when faulty cells are mainly concentrated in a
single phase. However, it lacks redundancy margins when there is a dispersed distribution of faulty
cells. The THI method is greatly significant in improving post-fault performance and DC voltage
utilization. However, when faulty cells are distributed among a wide range of groups, such as in the
“557” state, the redundancy margin in the healthy phases is not enough to compensate for the losses as
there are too many faulty cells in the system. Thus, the whole system suffers due to the high possibility
of over-modulation.

Therefore, a hybrid compensation strategy combining THI with FPSC is proposed in this section
for intricate conditions where there are many faulty cells and a small redundancy margin for
fault-tolerant control. After implementing the fundamental phase shift compensation under the
fault condition, the third harmonic is injected. This method integrates the merits of the aforementioned
two methods. It not only makes full use of the remaining modules but also effectively reduces the peak
voltage of each phase and further expands the fault redundancy range.

As shown in Section 3.2, the essence of the conventional THI method is to reduce the peak value of
the synthetic voltage waveform. The synthetic voltage waveform has two extremums in each half-cycle.
Each extremum value corresponds to a phase angle of a zero-crossing point in the third harmonic
component waveform, which is called the pole angle. The two pole angles in Phase A are defined as
xa1 and wy4;, respectively, in Figure 5. According to previous literature [27,28], the minimum peak
voltage can be reached only if the two extremes are equal, which fully improves DC voltage utilization.
In a conventional THI with three symmetrical phases, the extremes are equal, and corresponding
pole angles are both 60°. That is, the peak voltages of the synthetic waveform are all matched with
the phase angle of 60° in each phase. However, in the proposed hybrid control method, the simple
conventional THI method is not suitable for an asymmetrical three-phase system. The amplitude
and phase offset of the injected third harmonic component are different from previous values in the
symmetrical system after FPSC. Thus, the proposed hybrid compensation strategy focuses on a novel
method of modifying the phase offset and amplitude of the third harmonic injection component to
fully improve the performance under post-fault operation.
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Figure 5. A hybrid compensation control schematic diagram.

Assuming the amplitude of the modified third harmonic component is V3 and the initial phase
shift is 6, the modified injected third harmonic (vy;;) is

vy = Vasin[3(wt + 6p)]. (8)

In a period cycle of the fundamental waveform, there are six extremes in three positive half-wave
periods. The possibility of over-modulation in the remaining cells is closely related to the maximum
peak voltages among these six extremes in the three phases. Thus, to increase the amplitude
fundamental component without any over-modulation, the maximum peak voltage should be reduced.
After implementing FPSC, the phase shift is no longer symmetrical, so the extremes of each phase are
influenced by their corresponding pole angles x41, €42, &1, &2, &c1, and ¢y, as shown in Figure 5.

Meanwhile, the pole angles in each phase are directly related to the initial phase angle of the third
harmonic. The phase shifts between the three phases 6, 0, and 6, are given by

wa1 =6 +60° wap = 60" — 6
xp) = 0y + 180" — [ gy = 0, — 60" — 6y - 9)
ac1 = 0+ O — 60° acp = 180" — 6y — Oca

According to previous literature [28], a larger pole angle leads to a higher peak voltage. To generate
the minimum peak voltage in three phases, the maximum pole angle needs to be reduced as much
as possible. To find this maximum pole angle («), the difference between each two pole angles are
derived as follows:

a1 — apy = g — 1207 agy — @ pp = O — 1207
Xp1 — &Cc1 = Gbc - 120O Xcp — &gy = ch — 120O . (10)
acy — a1 = B —120° dap —&cy = Bcp —120°

Based on Equation (10), there are six different operations of these phase angles with different
magnitudes. The following case, Case 1, illustrates the calculation of 6.

In Case 1, assume that 8, > 120°, 0, > 120°, and 0, < 120°. In this condition, the pole angle
(xc1) is always the largest among w41, a1, and ac1, and ap; is the largest among the remaining angles.
However, the relationship between a1 and ap; is closely related to 8p. When 0 increases, the value
of apy increases while a1 reduces sharply, and vice versa. The only way to generate the minimum
peak voltage is to minimize these two extremes at the same time, which leads to #c1 = app. The third
harmonic injection then generates its optimal initial phase offset as

Gab — Gca

6 =
0 2

(11)

After substituting Equation (11) into Equation (9), the maximum pole angles are calculated as
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0
Ap = &kgy = XC1 = 120° — %

(12)

As mentioned above, the optimal amplitude can be derived after 6 is generated. For example,

in Case 1, since Phase C holds the maximum peak voltage in the three-phase, the amplitude of the

third harmonic should be matched with the fundamental component of Phase C to minimize the peak

voltages among the three phases. After hybrid compensation, the synthetic output voltage (v.) is as
shown below.

v = Vs sin(wt + 0.4) + V3 sin[3(wt + 6p)] (13)

where V is the amplitude of fundamental component waveform. The extreme of the above equation
gives the calculation

d

d = Vs cos(wt + 0¢q) + 3V3 cos[3(wt + 6y)] = 0. (14)
w

When the synthetic output voltage reaches its peak voltage, the third harmonic waveform is just
at its zero-crossing point (as seen in Figure 5). Thus, the derivative amplitude of the injected third
harmonic becomes —1. The phase angle corresponding to the maximum peak voltage is the same as
the maximum pole angle. The amplitude of third harmonic can be derived as

e

1 o
V3 = gvs cos(120° — 5 ). (15)

Thus, it can be concluded that, for each fault condition, the optimal amplitude of the injected
third harmonic is 1
V3 = EVS cos(ap). (16)

By implementing the proposed method discussed above, the optimal initial phase offset and the
corresponding pole angles under each operation can be obtained, as shown in Table 1.

Table 1. Phase offset and amplitude of the injected third harmonic under different operation states.

Operation Maximum Pole Angle Initial Phase Offset Amplitude
O, > 120° O > 120° 0, < 120° ap = &gy = acy g = dusben V3 = 1V cos(120° — )
0, > 120° 0, > 120° 0., < 120° ap = a4 = aco 6y = 60" — b V3 = 1 Vs cos(120° — %)
Ocq > 120° 0. > 120° 6, < 120° Np =g = dap 0o = 60° — % Vs = Vs cos(%e)
0, > 120° 60 < 120° 6, < 1207 ap = aa1 = app 6 = % —60° V3 = 1Vscos %
Oca > 120° 0,5 < 120° 0y < 120° ap =wacy = & 6o = 60° — % V3 = 1Vs cos(120° — )
Bpe > 120° 0, < 120° O, < 120° ap = ap = &cp g = dustea Vs = $Vscos(%e)

Through adjustments of the amplitude and phase of the third harmonic waveform under different
fault conditions, an adjustable faulty recovery factor can range from 0.866 to 1 k;,;. Hybrid compensation
control is preferred for its advantages of obtaining a balanced grid current under fault conditions to
meet grid requirements as well as fully improving the DC bus voltage utilization. This effectively
utilizes the remaining margin to achieve control optimization in a quasi-fault mode. The method is
suitable in a system with a large battery inconsistency and the irregular distribution of faulty cells.

3.4. Comparison

As mentioned above, the three proposed redundancy strategies would have different efficiencies
in various fault operations. Thus, k, is used as a criterion in making comparisons and obtaining
optimized solutions under conditions of fault occurrence. Table 2 summarizes the phase voltages,
the submodule modulation waveforms, and k;, under different operation states.
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Table 2. Comparison of different fault-tolerant control strategies.

10 of 19

Hybrid

00 = kN Vs sinwt + V3 sin[3(wt + )]

Normal

Vg = km%vs sin wt vy = Vgsinwt + %VS sin 3wt

0y = ki DX Vs sin(wt — 0,,) + V3 sin[3(wt + 6p)]

v, = Vgsinwt
Phase = " Ve sin(wt — 120°)
voltage
ve = Vs sin(wt + 120°)

Up = VS sin(wt — 1200) +
ve = Vg sin(wt + 120°) +

Vai = km%VS sin wt + NLA%VS sin 3wt

v, = Vg sin(wt — 120°) vy = ki N Vg sin(wt — 0,)
ve = ki 3 Vs sin(wt 4 0cq)

ve = Vs sin(wt 4 120°)

ve = k3 Vs sin(wt 4 0cq) + V3 sin[3(wt + 6p)]

Vi = km%VS sin wt + NLA\/g sin[3(wt + 6p)]
0pi = kg Vs sin(wt — 6,) + 5= V3 sin[3(wt + 6p)]

1 .
Vgi = § Vs sinwt
Cell = L Vs sin(wt — 120°)

voltage Obi

Uci

Vg =k %VS sin wt
Opi = k5 Vs sin(wt — ) 0pi = ki Vs sin(wt — 6p) + -5 Vs sin 3wt

Upi = NL/\VS sin wt
Vi = km%VS sin(wt + Oy ) + N%%Vs sin 3wt

= x; Vs sin(wt —120°)

N Vssin(wt +120°) 0 = ki gy Vs sin(wt + 6cq)

= L Vssin(wt +120°)
km = % x 0.866

Ve = kg Vs sin(wt + 0cq) + 5 Va sin[3(wt + )]

0.866ky; — ki (ky is from FPSC)

ke
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The probability of over-modulation is related to the cascade number. In this paper, the modulation
index in normal conditions is derived from the equation

v, v,
my = PP Yp

_ N 17
NV~ NVg (17)

where Vpp and Vgp represent the peak values of phase voltage and grid voltage, respectively. These are
approximately equal when the inductive load is small enough. It is clear that m, is closely determined
by N if Vgp and Vp are constant. Thus, m, mainly decides the limit of the fault recovery factor without
over-modulation. For instance, in an FGBESS with eight modules cascaded in a phase, m, equals 0.81
in normal operation with a standard grid of 380 V and a nominal battery pack voltage of 48 V. This
means there is a large redundancy margin for fault-tolerant control. Assuming the modulation limit
is 1, the highest value of k;, without over-modulation is 1.23 (k;, = 1/0.81 = 1.23). Thus, the optimal
control strategy in each fault condition should be considered to keep k;;, less than 1.23. Based on the
above parameters, the fault recovery factors for different control strategies in various failure modes
are listed in Table 3.

Table 3. Comparison of fault recovery factor of several fault-tolerant control strategies.

State Conventional FPSC THI Hybrid
788 1.1428 1.0455 0.9804 0.9397
778 1.1428 1.0937 0.9804 0.9912
688 1.3333 1.0985 1.1438 1.0185
678 1.3333 1.1690 1.1438 1.1467
668 1.3333 1.2101 1.1438 1.1507
677 1.3333 1.2001 1.1438 1.0875
667 1.3333 1.2619 1.1438 1.1527
588 1.6 1.1538 1.3762 1.0498
578 1.6 1.2151 1.3762 1.1452
568 1.6 1.2903 1.3762 1.2519
558 1.6 1.3899 1.3762 1.3795
577 1.6 1.2707 1.3762 1.1863
567 1.6 1.2813 1.3762 1.2532
557 1.6 1.4326 1.3762 1.3837
566 1.6 1.4104 1.3762 1.2782
556 1.6 1.5006 1.3762 1.3813
488 2 1.2306 1.732 1.1886

Based on the analysis of the fault recovery factors under different fault conditions listed above,
implementing the hybrid comparison control method for every faulty operation to rebalance the
line voltages and effectively utilize the battery capability in the remaining cells may appear to be
wise. However, this simple idea comes with two major drawbacks. First, after the third harmonic is
injected into the phase modulating voltages with the phase angles shifted in FPSC, the output voltages
have great distortion because there is a phase angle offset between the fundamental component and
the injected harmonic, as shown in Figure 5. This results in an increased peak voltage and higher
probability of over-modulation. A larger phase angle offset leads to a higher peak value, which
generates considerable voltage gains in healthy phases and greater voltage stresses on the switching
device. Second, in some conditions such as the “668” and “688” states, the other redundancy methods
develop a better performance and higher battery utilization than the hybrid compensation control
strategy. As a result, rather than only applying the hybrid compensation control method, the optimal
redundancy strategy under each faulty operation should be derived to obtain the maximum available
output voltage and effectively utilize the battery capacity in the remaining cells.

As depicted in Table 3, the optimal control strategy in each fault condition is closely related to
the number and distribution of the faulty cells and the implementation complexity of the strategy.
In a 17-level system as described above, if k, is less than 1.23, which indicates a large margin for
fault control, the simplest strategy is the best. If k;, is larger than 1.23, the optimal strategy is the
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one with the smallest k;,,. For instance, in the “788” or “778” states, the conventional method is most
feasible for its simple implementation. A third harmonic injection should be chosen for modes such as
“678”, 668", “667”, etc. for maximum DC voltage utilization. Fundamental phase shift control is more
suitable in some conditions where faulty cells are concentrated in a single phase such as “688”, “588”,
and “488”. In some complex operations, such as the “568” and “577” states, hybrid control has the
best effect. Therefore, the system can restore normal operation and fully improve the battery energy
utilization under multi-module failure through the choice of different fault-tolerant control strategies.
This has great significance for the flexible group energy system and other high-power multi-module
energy storage converters.

4. Simulation and Experimental Results

4.1. Simulation Results

In order to verify the feasibility of the methods proposed in this paper, some simulation models
of FGBESSs (as shown in Figure 1) are carried in Matlab/Simulink (Mathworks, Natick, MA, USA).
To ensure all the H-bridge cells are implemented under normal operation conditions, the amplitudes of
the three-phase AC voltages are set to 380 V, the nominal grid current is limited to 10 A, and the battery
pack voltage at the DC side equals 48 V. Voltage fluctuation is ignored. The amplitude modulation
index is 0.81 in this operating condition.

Figure 6 shows the simulation results in normal operation. In this case, a 17-level symmetrical
output voltage waveform is generated, contributing to a rated grid current and symmetrical reference
signals shown in Figure 6b,c. This meets the requirements of the grid. Figure 6d shows the reference
voltage signals of the related submodules in Phases A, B, and C (e.g., A3, B3, and C3) when Vjp
equals 48 V. This confirms that there is no over-modulation in this operation and that the amplitude
modulation index is 0.81, as depicted before.
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Figure 6. Waveforms for normal operation: the (a) three-phase converter output voltage; (b) grid
current; (c) three-phase total reference signals; (d) three-phase sub-module modulating waveform.

Figure 7 illustrates the simulating waveforms related to the “588” operating state with FPSC.
Compared with the normal operation in Figure 6, after three faulty cells were bypassed in Phase A, only
11-level output voltage is generated. Meanwhile, there are still 17-level waveforms with amplitudes
of 311 V in Phases B and C, conducting asymmetrical output voltages and increasing harmonic in
grid currents. However, by shifting phase angles between the waveforms to 6,, = 6, = 132° and
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Opc = 96°, as the proposed FPSC method depicted, balanced line-to-line voltages with equal amplitude
and a phase shift of 120° are generated. It is obvious that the three-phase output voltages are no
longer symmetrical under a fundamental angle shift. Meanwhile, the magnitude of the voltage in
each remaining cell has increased k;, times the original value in the normal condition, as shown in
Figure 7d.
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Figure 7. Waveforms for the “588” operation state with fundamental phase shift compensation (FPSC):
the (a) three-phase converter output voltage; (b) three-phase line-to-line voltages; (c) grid current;
(d) three-phase sub-module modulating waveform.

Figure 8 shows the waveforms in the “667” state with a third harmonic injection. Similar to the
previous case, balanced line-to-line voltages and grid currents have been generated after applying the
proposed method (Figure 8b,c). The modulating waveforms of the remaining cells in the three phases
are symmetrical, with amplitudes up to 0.866 times lower than the original values at both normal
operation and a phase shift of 120°. As depicted in Figure 8d, the amplitudes of modulating waveforms
vary from each other because of different numbers of remaining cells in each phase. However, none of
these has exceeded the amplitude limitation. Figure 8e is the submodule modulation signal with an
FPSC control method. Compared with Figure 8df, it is clear that the k;;, in FPSC is much larger. This
results in over-modulation in the remaining cells, while third harmonic injection control significantly
reduces the amplitude of the output voltages.

The hybrid control strategy is applied to the “577” operation state, and the results are analyzed
(Figure 9). Similarly, upon triggering the hybrid fault-tolerant control strategy, the balanced grid current
and converter line voltages (with rated amplitudes and a symmetrical phase shift) are generated when
there is great difference among output phase voltages. Figure 9d shows the results of the proposed
method in the remaining cells in the three phases. Since there is a phase shift between the fundamental
frequency components in Phases B and C after the injection third harmonic, the peak voltages of
modulating waveforms increase, owing to a larger k;, than that in the normal state. The reference
waves of submodules in PFSC and the third harmonic injection are shown in Figure 9¢,f. It is clear that
these two methods, compared with the hybrid compensation method, appear to be less effective in
improving battery utilization.
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Figure 9. Waveforms for the “577” operation state: the (a) three-phase converter output voltage;
(b) three-phase line-to-line voltages; (c) grid current; (d) three-phase sub-module modulating waveform;
(e) three-phase sub-module modulating waveform in FPSC; the (f) three-phase sub-module modulating
waveform in the THI.

4.2. Experimental Results

In order to verify the reliability of the proposed fault redundancy control schemes in the working
operations of FGBESSs, a 10 kVA three-phase eight-module cascade flexible group converter was set
up. The experimental platform is shown in Figure 10.

Central
ontroller 3

Figure 10. Experimental platform of three-phase flexible group converter.

In this setup, a battery pack was connected to the DC link terminal of each H-bridge cell,
and the output terminals of the CHB converter (NANTEC, Beijing, China) were connected to the
grid via a three-phase inductive load. The power semiconductor devices used in each cell were
IXFN230N20T power MOSFETs (IXYS, Milpitas, CA, USA) draining to a source voltage with a rating
of 220 V. An XC3S500E Xilinx FPGA (Xilinx, San Jose, CA, USA) was used to implement the PS-PWM
method. The proposed fault-tolerant strategies were carried out using the TMS320F28335 Digital
Signal Processor (DSP) (TI, Dallas, TX, USA) to control the converter. Eventually, the PWM signals
for power devices were generated by TMS320F28035 (T1, Dallas, TX, USA), which were assembled as
the central control unit in each cell. The fundamental and switching frequencies of the PS-PWM were
50 Hz and 2 kHz. The parameters of the experimental prototype are shown in Table 4.

According to Equation (17), a smaller fault recovery factor k;;, means a smaller growth in the
amplitude of the submodule modulating waveform after a fault occurs. This means a larger fault
redundancy margin. The verification of the proposed methods is carried out by experiments in two
cases: the “678” state and the “488” state.

The effects of using different fault-tolerant control methods in the “678” state were analyzed in
Case 1. In order to prevent the storage system from experiencing a large switch stress under different
fault conditions, the grid voltages were turned down to 240 V. This contributed to a large margin
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for control strategies with a reduced modulation ratio m, of 0.625. The same balanced grid voltages
and currents were generated in various control strategies, as shown in Figure 11a. Based on the
conclusion drawn in Section 3.4, the optimal strategy in this condition is the third harmonic injection.
The modulation waveforms under different strategies obtained in programming software CCS are
shown in Figure 11b. The peak voltage in the third harmonic injection is the smallest, while the other
methods obtain larger amplitudes with increasing k;,. Figure 11c—f represent the AC voltage in Phase
B under different control strategies. They indicate that the voltage waveforms are consistent with
the modeling signals of different strategies. The experimental results verify the correctness of the
conclusion mentioned before.

Table 4. Symbols and parameters of the prototype.

Items Values
Rated Apparent Output Power 10 kVA
Rated AC Voltage (Us) 311V
SM Number Per Phase (N) 8
Filtering Inductor (LA,B,C) 1 mH
SM Capacitor (Cm) 2200 uF
Rated SM Battery Voltage (UB) 48V
SM PWM Carrier Frequency (fs) 2kHz
Equivalent Switching Frequency 32 kHz

Case 2 shows a comparative analysis of various fault control methods in the “488” state. Similarly,
the grid voltage drops to 160 V. The fault methods discussed above generate the same grid voltages
and balanced currents, which are shown in Figure 12a. According to Table 3, FPSC obtains the smallest
ky, and the largest fault margin in this condition. This is verified in Figure 12b through the comparison
of modulation waveforms of various fault control methods. Figure 12c—f represent the output voltages
in Phase A of each redundant control respectively, showing that the output voltages are basically
consistent with the modulating voltages.

The above experimental results are in accordance with theoretical analysis, indicating that the
proposed redundancy scheme and the related control strategy are correct and effective. The proposed
methods are applicable in a high-power energy storage system such as the FGBESS, which potentially
makes it a new direction in the control of redundant operation.
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Figure 11. Experimental results in Case 1: the (a) grid voltages and currents; (b) modulating waveforms
under different control strategies; (c) output phase voltages in conventional fault-tolerant control;
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5. Conclusions

Fault-tolerant control is necessary for improving post-fault performance in FGBESS. In this paper,
a hybrid compensation method has been proposed based on fundamental phase shift compensation
and third harmonic injection. For generating the optimal injected third harmonic component in
hybrid compensation, the calculation method of the amplitude and initial phase offset of the third
harmonic injection in an asymmetrical system under a fault condition is discussed in detail. Meanwhile,
by comparing the merits and shortcomings of three fault-tolerant strategies, this paper also analyzed
the suitable fault-tolerant conditions of each control method and proposed the optimal solution for
each faulty condition that would obtain maximum improvement without over-modulation. Both
simulated and experimental results have been presented to validate the feasibility and superiority
of the proposed solutions. Apart from the fault-tolerant control strategies for the system, there are
other issues related to a flexible group on a control and topology or on a system design level. Further
research will focus on the impact of different kinds of batteries on the relationship between packing
methods and the optimal fault-tolerant control strategy of each operation in the FGBESS.
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Abbreviations

The following abbreviations are used in this manuscript:

FGBESS flexible group battery energy storage system
SOC state of charge

BESS battery energy storage system

PS-PWM phase shift pulse width modulation

FPSC fundamental phase shift compensation

THI third harmonic injection

THD total harmonic distortion
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