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Abstract—Input-series-output-parallel (ISOP) inverter system is
very suitable for high input voltage and large output current power
conversion applications. One of many merits of this assembly sys-
tem lies in that its characteristic of multimodule series–parallel
combination can significantly improve the reliability of the oper-
ation. To address this point, redundancy should be realized for
the whole system. However, the existing methods for the ISOP in-
verter system all belong to centralized control, which restricts the
modularity of the system. From the above perspective, this paper
proposes a new scheme to achieve both power balance and dis-
tributed configuration according to the conception of compound
control. Also, the relationship of control loops is analyzed and the
design procedure of them is given. Based on the fully modular sys-
tem actualized by the distributed control, the hot-swap technique
is then raised to get a redundant system with superior reliability.
Here, the way of bypassing other than cutting off is adopted to ful-
fill withdrawal of the faulty module from the system due to series
connection at the input terminal. In addition, the detailed timing
sequence of system operation is provided to ensure the smooth tran-
sition during the hot-plugging transient. Finally, a three-module
prototype is built and the experimental results validate the effec-
tiveness of the presented strategy.

Index Terms—Bypass, distributed, inverter, input-series-output-
parallel, redundancy.

I. INTRODUCTION

A S a crucial branch of system integration, series–parallel
power conversion system combined with building block

modules has been a hot research point in the field of
power electronics at present. To meet the diverse appli-
cation requirements at input or output terminals of power
supply, multiple standardized converter modules can com-
prise four kinds of series–parallel combined systems, which
are input-parallel-output-parallel (IPOP), input-parallel-output-
series (IPOS), input-series-output-parallel (ISOP), and input-
series-output-series (ISOS) [1], [2]. In the meanwhile, the basic
constituent module could be dc–dc converter, dc–ac inverter,
ac–dc rectifier, and ac–ac converter. Compared with the control
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of the dc–dc converter series–parallel systems [3]–[7], the reg-
ulation of the combined systems with the dc–ac inverter as the
elementary cell is much more complicated since more variables
such as the amplitude, phase, and frequency of modular ac out-
put voltage (OV) or current have to be adjusted to ensure power
balance of the whole system.

For the IPOP inverter system, the one with much more mature
research of four inverter series–parallel combined systems, wide
and deep explorations have been developed to form a system-
atic research theory over the years [8]–[24]. Its existing control
strategy has experienced the evolution from centralized control
[9], master-slave control [10], [11] to distributed control, which
basically consists of two categories, i.e., the instantaneous cur-
rent control [12]–[16] and the wireless droop technique [17]–
[21]. All of these control methods achieve power balance by
equalizing the ac output current of each module because the
parallel input voltages are naturally equivalent and the control
of output currents can guarantee the stable operation of the sys-
tem. Moreover, the redundant operation has been realized on
the basis of the distributed control for the IPOP inverter system
[22]–[24]. Actually, the realization of redundancy function is
another significant objective for series–parallel systems except
for the achievement of power balance since it can improve the
reliability of the whole system.

Input-series inverter system, including the ISOP and ISOS
inverter system, is quite suitable for high input voltage ap-
plications such as the ship-electric-power-distribution systems,
high-speed railway electrical systems, etc. [25]–[27]. Since the
modules of the system are connected in series at the input sides,
voltage stress of the switching devices is reduced and more ap-
propriate devices can be chosen. For ISOS inverter system, a
control strategy, which combines an input voltage sharing (IVS)
control with synchronization of the output phase angles, is pro-
posed to achieve IVS and OVS simultaneously [28]. Moreover, a
cross-feedback output-voltage control scheme is put forward to
realize the power balance [29]. In this scheme, individual modu-
lation signals are obtained by multiplying the common OV loop
output with its respective magnitude compensation loop output.
Like the ISOS inverter system, the cascaded multilevel inverter
[30]–[32] also provides a good solution for the high voltage
ac output occasion. While, a larger number of levels increase
the control complexity, and full modularity and redundancy is
relatively slightly difficult to carry out compared with the series–
parallel system. Meanwhile, the ISOP inverter system could be
even applied to large current ac output occasions. Obviously
this composition could also enhance the system credibility as
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well as other series–parallel combined systems containing the
IPOP inverter system. But unlike the developed IPOP inverter
system, the research on the ISOP inverter system is just at the
primary stage. As for this system, it is pointed out that the out-
put current sharing (OCS) control with direct feedback of each
module’s own output inductor current will lead to the unstable
system, and then a three-loop control strategy is put forward to
achieve IVS and OCS [33], [34]. Further, based on the method,
an improved solution is raised to expedite the regulation speed
[35]. Both of two methods have the common OV control loop.
Additionally, a cross-feedback output-inductor-current-sharing
control scheme is brought up to reach the goal of energy equi-
librium effectively for the ISOP high-frequency ac link inverters
[36]. Similarly, the tactic possesses the common OV regulation
loop. And what’s more, the current feedback for every indi-
vidual inner current loop is the sum of other output inductor
currents instead of its own. So all the modules are inevitably
mutual coupling, which restricts the modularity of the ISOP in-
verter system. In brief, all of the aforementioned control strate-
gies give the concrete measures on how to earn power balance
among modules in the system. Nevertheless, they are actually
centralized control and the system tends to collapse if the cen-
tral control unit or common control loop goes wrong. So the
distributed control and modularity have not been accomplished
yet for the ISOP inverter system, and the control methods now
available are far from the target of redundancy. That is to say, we
cannot practically heighten the dependability by the foregoing
control alternatives. Therefore, the way to attain the distributed
and redundant control is urgently needed to be offered.

To achieve fault tolerance of the ISOP inverter system indeed,
two steps have to be executed with power sharing realized si-
multaneously just like the IPOP inverter system. The first is to
fulfill the distributed control, i.e., to scatter all the control units
into each module. The second is to actualize the hot swap for the
sake of boosting the reliability of the whole system. In the light
of the idea, this paper is organized as follows. It starts with the
conception of compound control to acquire the power balance of
the ISOP inverter system. Then, an implemental control method
and a novel distributed architecture are proposed. As regard to
the distributed control scheme, the relationship of control loops
is analyzed and design procedure of them is given out succes-
sively. Based on the distributed control, the redundant technique
is introduced. Here, to realize the exit of the faulty module, we
particularly employ the way of bypassing, which is quite differ-
ent from the redundancy scheme for the IPOP inverter system.
Also the timing sequence of hot plugging is provided. Last,
a three-module prototype is built and the experimental results
validate the effectiveness of the above strategy.

II. CONTROL CONCEPTION TO ACHIEVE POWER BALANCE

For ISOP inverter system, one of two objectives is to achieve
power balance. So, here, we shall study the control idea on
how to reach the goal first. Fig. 1 gives the schematic block
of the ISOP inverter system consisting of n modules, where
Cd1 , Cd2 , . . . , Cdn are the input dividing capacitors. Besides,
S11 , S21 , . . . , Sn1 are input relays and R1 , R2 , . . . , Rn are the

Fig. 1. Schematic block of n-module ISOP inverter system.

current limiting resistances. While, S12 , S22 , . . . , Sn2 are output
relays. Here Sj1 , Rj and Sj2(j = 1, 2, . . . , n) are applied to the
operation of redundancy for ISOP inverter system and their
detailed function will be illustrated in Section IV.

From Fig. 1, we can even find modular input voltages and
input currents as Vcd1 , Vcd2 , . . . , Vcdn , and Iin1 , Iin1 , . . . , Iinn ,
respectively. Also, modular output inductor currents and output
currents as iLf 1 , iLf 2 , . . . , iLf n and io1 , io2 , . . . , ion are shown
separately. Suppose the efficiency of each module is 100%.
Then, by power conservation, we have

Pinj = Vcdj · Iinj = Vo · Ioj · cosθj

= Vo · ILf j · cosϕj = Poj , j = 1, 2, . . . , n (1)

where Pinj , Poj are modular input power and output active
power. Ioj , ILf j , and Vo are rms values of modular output cur-
rents, output inductor currents, and system OV, respectively.
θj , ϕj are separately power factor angles and phase angles be-
tween output inductor currents and OV.

We know that OCS means the power balance at the output
terminal which involves the current stress balance in the power
devices of each module. While it is output filter inductor current
iLf j but not ioj that flows through the switches. So, here, OCS
refers to output inductor current sharing since the currents in
power devices of the modules are balanced if the output inductor
currents are balanced.

For input-series-connected inverter systems (including ISOP
inverter system), the control at the output terminal (namely OCS
control with direct feedback of each module’s own output in-
ductor current) is not stable [28], [34]. On the other hand, if the
control at the input terminal is adopted (namely IVS control),
we have

Vcd1 = Vcd2 = · · · = Vcdn . (2)

At steady state, all the input dividing capacitor voltages are
kept constant so that the average current of each input dividing
capacitor is zero. Thus, we get

Iin1 = Iin2 = · · · = Iinn . (3)
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Fig. 2. Main circuit of the module.

Combine (1), (2), and (3), we have

Vo · ILf 1 · cosϕ1 = Vo · ILf 2 · cosϕ2 = · · ·
= Vo · ILf n · cosϕn . (4)

It can be seen that IVS control for ISOP inverter system only
guarantees the balance of modular active power.

Furthermore, on the basis of IVS control (namely IVS is
achieved) we could then go a step further by two means. On
one hand, if we keep ϕj (phase angle between individual output
inductor current and OV) the same, namely

ϕ1 = ϕ2 = · · · = ϕn . (5)

Combine (4) and (5), we have

ILf 1 = ILf 2 = · · · = ILf n . (6)

Accordingly, we can get

iLf 1 = iLf 2 = · · · = iLf n . (7)

Namely OCS can be achieved.
On the other hand, if IVS control is employed while keeping

the amplitude of output inductor currents the same, namely
(6) is satisfied, so is (5), thus (7) is obtained. Obviously, both
of the two methods can achieve IVS and OCS. We refer to
the control strategy that leads to power balance as compound
control conception.

III. DISTRIBUTED SCHEME BASED ON COMPOUND

CONTROL CONCEPTION

A. Selection of Modular Topology

Since modules of ISOP inverter system are connected in series
at the input sides, isolated topologies should be adopted. As
seen from Fig. 2 (where vcdj refers to modular input voltage,
namely the voltage of Cdj ), each module employs a traditional
two-stage structure: a phase-shifted full-bridge converter as the
dc–dc stage followed by a full-bridge inverter as the dc–ac stage.
Here the dc–dc stage is used for isolation and the high-frequency
transformer introduced here could efficiently lower the volume
of module. Obviously the two-stage approach is beneficial to
modularity of the system.

B. Implementation of Compound Control
and Distributed Configuration

Apart from power balance, the other objective for ISOP in-
verter system is to realize the redundancy so as to veritably
enhance the reliability of the whole system. To attain the target,

the first step we should do is to disperse all the control elements
into each module, i.e., to acquire the distributed control.

As indicated in part II, ISOP inverter system can actualize
power balance by ensuring the equivalency of the phase or am-
plitude of modular output inductor currents while controlling
the input voltages the same. According to the first case of the
compound control conception, Fig. 3 gives a specific implemen-
tation to achieve both power balance and distributed control.
Here, IVS loop is employed to guarantee IVS of each module,
and the multiplier is introduced to realize phase synchronization
of modular output inductor current. So we can draw the con-
clusion that this method could bring about power sharing in the
light of the preceding compound control idea and, therefore, it
is entitled the way of IVS combined with the output inductor
current phase synchronized.

Additionally, from the control configuration standpoint, all
the modules have independent control loops and they corre-
spond by buses in the scheme as seen in Fig. 3. Specifically, the
two-loop control is adopted for single inverter. Its control loops
contain the OV loop and the inner current loop which employs
the hysteresis control. Meanwhile, for the whole system the
two control loops mentioned above together with IVS loop are
scattered into every inverter and they communicate with each
other by three buses, including the IVS bus, the OV reference
synchronous bus (vref synchronous bus) and the average current
bus (iave bus). It’s noteworthy that OV loop here is no longer
communal for the whole system. In these separate OV loops, all
the OV references are synchronized by digital signal processor
(DSP) to create the vref synchronous bus. And, OVs of individ-
ual module are regulated by their respective OV loops. Since the
components of feedback networks and regulators may have de-
viation, the output signals of every OV regulators (namely igj )
are not exactly the same and so they are averaged as the common
one to form the iave bus. The signal iave is then introduced into
all inverter modules and served as the initial current reference.
Furthermore, in the IVS loop, sampling signals of individual
input voltages are connected through identical precise resistors
to the same point to develop the IVS bus. The bus signal is
then treated as input voltage reference Vin ref , whose value can
be easily got as Kf · Vin/n. Generated by input voltage regu-
lator Gvd , the dc deviation signal vdevj , along with the initial
current reference iave are sent to the constant-phase amplitude-
shift unit, and its output signal iref j serves as the actual inductor
current reference of respective modules.

Fig. 4(a) particularly gives the diagram of the constant-phase
amplitude-shift unit, which is mainly composed of the multi-
plier. From the figure, we have

iref j = iave − iregj = iave − vdevj · iave (8)

where vdevj is a dc deviation and iave is a ac quantity. Simulation
waveforms of the input and output signals of the multiplier are
shown in Fig. 4(b). It can be seen that sinusoidal error signal
iregj has the same phase angle with iave and its amplitude varies
in accordance with vdevj . Further, the Fourier analysis of vdevj

and iregj are given out in Fig. 4(c), from which we can see that
the frequency spectrum of the signal iregj is just the shift of the
frequency spectrum of vdevj , that is, the frequency spectrum of



726 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

Fig. 3. Diagram of the distributed configuration and compound control strategy.

Fig. 4. Investigation on constant-phase amplitude-shift unit. (a) Constant-
phase amplitude-shift unit. (b) Simulation waveforms of the input and output
signals of the multiplier. (c) Fourier analysis of the input and output signals of
the multiplier.

vdevj is moved to the fundamental frequency 400 Hz to reach the
frequency spectrum of iregj . So iregj contains all the information
of vdevj and vdevj actually adjusts the amplitude of iave .

Fig. 4(b) and (c) both prove that the IVS loop only adjusts
the amplitude of the initial current reference iave . While, the
phase angles of the initial current reference iave , the regulating
quantity iregj , and the actual inductor current reference iref j
are kept the same. Accordingly, inductor currents (iLf j ) of re-
spective modules trace the same phase iref j to reach the phase
synchronization, which is combined with the control of the IVS
loop to achieve power balance. Specifically, the IVS loop adjusts
the amplitude of the output inductor currents and, then, actually
regulates the output real power to realize IVS of respective mod-
ules in the system. Simultaneously OCS of every module is also
achieved according to the principle of the compound control
mentioned earlier.

Without loss of generality, a two-module ISOP inverter sys-
tem is taken as an example to elaborate the dynamic adjusting
process of the proposed method with the illustration in Fig. 5.
Suppose a perturbation occurs in the input voltage of module
1 and leads to the ascent of vcd1 and the descent of vcd2 , then,
according to (8), we get Iref1 > Iave > Iref2 , namely the induc-
tor current amplitude of module 1 is greater than that of module
2. The amplitude difference between iLf 1 and iLf 2 depends on
vdev1 and vdev2 . This will increase the active power of mod-
ule 1 and decrease the active power of module 2. Finally, the
system will return to balanced state and achieve IVS and OCS
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Fig. 5. Dynamic adjusting process of the proposed method. (a) Phasor diagram
of the proposed method under dynamic state. (b) Simulation waveforms of the
dynamic adjusting process.

after several periods. Fig. 5(a) shows the phasor diagram of the
control method under dynamic state. While, Fig. 5(b) gives the
simulation waveforms of the system at nominal resistive load
when input voltage steps up and down. Here, we intentionally
make the two input dividing capacitors different. From the fig-
ure, we can see that the phase angles of output inductor currents
are kept the same in the process of adjustment while the am-
plitude difference of output inductor current between the two
modules diminishes as their input voltage difference declines.
Characteristics of output inductor currents and output load cur-
rents are in accordance with previous analysis and phasor dia-
grams in Fig. 5(a).

C. Relationship of the Control Loops and Their Design

Due to the switching frequency of the inverter is much higher
than the frequency of the OV, the inner current loop (see Fig. 3)
which employs the hysteresis control can be seen as a propor-
tional element [14], [15], which is denoted by KL . Furthermore,
from Fig. 3 we can get

iave =
1
n
·

n∑

j=1

igj =
1
n
·

n∑

j=1

Gvo(vref − vo · Kv )

=
1
n
· Gvo · [n · (vref − vo · Kv )]=Gvo · (vref − vo · Kv ).

(9)

So we can acquire Fig. 6(a), the equivalent control block
diagram for distributed ISOP inverter system. From the figure,
we can find that it is actually a multi-input multi-output control
system. It seems that the control loops are mutual coupling,
which will cause inconvenience for the loop design. So we

Fig. 6. Equivalent control block diagram for distributed ISOP inverter sys-
tem. (a) Equivalent control block diagram for distributed ISOP inverter system.
(b) Simplified control block diagram.

have to analyze the relationship of them before conducting the
design process.

From Fig. 6(a), we can get the expression of system output
current as follows:

io =
n∑

j=1

ioj (s) =
n∑

j=1

(iLf j (s) − sCf vo)

=

⎡

⎣iave(s) − iave(s) ·

⎛

⎝
n∑

j=1

vdevj

⎞

⎠ · 1
n

⎤

⎦

· (nKL ) − nsCf · vo . (10)

Hence, we can obtain the further simplified control block
diagram as shown in Fig. 6(b). From the figure, we have

iregj = iave · vdevj . (11)
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Here, the small signal disturbances of input and OVs are
denoted by v̂cdj and v̂o . While the small signal disturbances of
the output signals of IVS loops, OV loop and multipliers are
denoted by v̂devj , îave , and îregj , respectively. So from (11), the
small signal disturbance of iregj could be deduced as

îregj = Vdevj · îave + v̂devj · Iave + v̂devj · îave . (12)

Since Gvd is realized by a proportional regulator [34], the
steady value Vdevj equals to zero. After neglecting the second-
order disturbance quantity, we have

îregj = Iave · v̂devj =Iave · Gvd · [Vin ref −Kf · (Vcdj +v̂cdj )]

= −Kf · Iave · Gvd · v̂cdj . (13)

Then, we can further get

v̂cdj =
−1

Kf · Gvd · Iave
· îregj . (14)

Besides, from Fig. 6(b), we can derive

îref = (̂iave − îreg ) = îave −
1
n
·

n∑

j=1

îregj

= îave −
1
n
·

n∑

j=1

(−Kf · Iave · Gvd · v̂cdj )

= îave +
1
n
· Kf · Iave · Gvd ·

n∑

j=1

v̂cdj

= îave + 0 = îave . (15)

While

îave = −Kv · Gvo · v̂o . (16)

So combine (15) and (16), we can acquire

v̂o = − 1
Kv · Gvo

· îref . (17)

Here, we deem v̂cdj and v̂o as controlled variables of every
control loop, and îregj and îref as control variables of corre-
sponding loops. Then, combine (14) and (17), we can develop
the following matrix equation: Equation (18) as shown at the
bottom of the page.

Fig. 7. Equivalent small signal model of ISOP inverter system with IVS
control.

From the equation above, we can see that the n IVS loops
and the system equivalent OV loop will not affect each other
and so they are actually decoupled, which will be conducive for
the control loop design. Consequently, we could carry out the
design procedure of the IVS loop and the OV loop, respectively,
as follows.

1) Design of IVSR: Based on the control strategy shown in
Fig. 6(b), the load of each constituent inverter modules can be
considered to be composed of two parts: one part is the average
system load, which is determined by iave , the output of the OV
loop; and the other part is the dynamic load, which is determined
by iregj (j = 1, 2, . . . , n), introduced by each IVS loops. So, at the
input side of the inverter module, each inverter can be regarded
as two resistances, the value of one resistance is determined by
iave , and the value of the other resistance is determined by iregj

(j = 1, 2, . . . , n), as shown in Fig. 7.
If the IVS loops are removed (Seeing Fig. 3), i.e., vdev1 =

vdev2 = . . . = vdevn = 0, the method will be equivalent to OCS
control with direct feedback of each module’s own output in-
ductor current, which will lead to an instable system since the
modules take on the negative resistances at the input sides [34],
so the resistance Rvo in Fig. 7 can be expressed as

Rvo = −Rn = − (Vin/n)2

Po/n

=
v̂cdj

îin voj

, (j = 1, 2, . . . , n) (19)

where Po is system active output power.

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

v̂cd1

v̂cd2

...

v̂cdn

v̂o

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1
Kf · Gvd · Iave

0 · · · 0 0

0
−1

Kf · Gvd · Iave

. . . 0 0

...
. . .

. . . 0 0

0 0 0 −1
Kf ·Gv d ·Iav e

0

0 0 0 0
−1

Kv · Gvo

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

îreg1

îreg2

...

îregn

îref

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (18)
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From Fig. 6(b), the individual output current inductor pertur-
bation îLf IVSj (j = 1, 2, . . . , n) introduced by the input voltage
perturbation v̂cdj (j = 1, 2, . . . , n) can be expressed as

îLf IVSj = v̂cdj · Kf · Gvd · iave(s) · KL, (j = 1, 2, . . . , n).
(20)

Please be noted that the individual îLf IVSj (j = 1, 2, . . . , n)
has the same phase angle with individual iLf j (j = 1, 2, . . . , n).

The perturbation on the system OV can be ignored because
the OV of the ISOP inverter system is not affected by the IVS
loops. Hence, the individual active output power perturbation
p̂oj (j = 1, 2, . . . , n) can be expressed as

p̂oj = îLf IVSj · Vo · cosϕj , (j = 1, 2, . . . , n). (21)

Assuming the conversion efficiency for each individual mod-
ule is 100%, by power conservation, the input power perturba-
tion equals to the output active power perturbation

p̂inj = p̂oj , (j = 1, 2, . . . , n). (22)

From Fig. 7, the module input power can be expressed as

Pin

n
+ p̂inj =

(
Vin

n
+ v̂cdj

)
(Iin + îinj )

=
Vin

n
· Iin + v̂cdj · Iin +

Vin

n
(̂iin IVSj + îin voj )

= v̂cdj (̂iin IVSj + îin voj ), (j = 1, 2, . . . , n).

(23)

Neglecting the second-order term of (23) and noting that the
dc terms on both sides of the equation are equal, we obtain

p̂inj = v̂cdj · Iin +
Vin

n

· (̂iin IVSj + îin voj ), (j = 1, 2, . . . , n). (24)

From (20)–(22), and (24), we have

v̂cdj · Iin +
Vin

n
· (̂iin IVSj + îin voj ) = v̂cdj

·Kf · Gvd · iave(s) · KL · Vo · cosϕj , (j = 1, 2, . . . , n).

(25)

At the left-hand side of (25), the term iave(s) · KL equals to
Io/n, so iave(s) · KL · Vo · cosϕj equals to Po/n. Combining
with (19), (25) can be rewritten as

v̂cdj

îin IVSj

=
Vin

Kf · Gvd · Po

Δ= RIVSj , (j = 1, 2, . . . , n).

(26)
Equation (26) implies that the role of IVS loops is equivalent

to introduce a positive resistance to the input terminal of each
module, which is in paralleled with the negative resistance. So,
the equivalent input impedance of each inverter module is

Zin = Rvo//RIVSj =
−Rn · RIVSj

−Rn + RIVSj

=
Rn · RIVSj

Rn − RIVSj
, (j = 1, 2, . . . , n). (27)

Fig. 8. Control block diagram of OV loop.

In order to ensure the stability of ISOP inverter system, the
equivalent input impedance of each inverter module should
present positive resistance characteristics, i.e.,

Zin =
Rn · RIVSj

Rn − RIVSj
> 0, (j = 1, 2, . . . , n). (28)

Hence, the condition for stability is

Rn > RIVSj , (j = 1, 2, . . . , n). (29)

Substitution of (19) and (26) into (29), yields

Gvd > Gvdmin =
n

Kf · Vin
. (30)

It can be seen that the gain of IVS loop compensator must
satisfy (30) so that the ISOP inverter system with IVS control
strategy is stable.

2) Design of output voltage regulator (OVR): As to the
design of the OV loop, we can get following equation from
Fig. 6(b):

ireg =
1
n
·

n∑

j=1

iregj =
1
n
·

n∑

j=1

(iave · vdevj )

=
1
n
· iave · Gvd · (n · Vin ref − Kf ·

n∑

j=1

vcdj )

=
1
n
· iave · Gvd · (n · Vin ref − Kf · Vin) = 0. (31)

Then combining formula (31) and Fig. 6(b), we can derive
the equivalent control block of OV loop transfer function for
each inverter as shown in Fig. 8.

Thus, the loop gain at full resistive load takes the following
form:

T (s) =
n · Gvo(s) · Kv · KL · RL

1 + s · n · RL · Cf
. (32)

While

RL =
V 2

o

Ptotal
=

V 2
o

n · po−mod
. (33)

Here, Ptotal and Po mod represent overall system output
power and single module output power under full resistive load,
respectively. Since the power of the standard module is defined,
we can derive n · RL with constant value as

Rmod = n · RL =
V 2

o

po−mod
. (34)

So (32) could be simplified as

T (s) =
Gvo(s) · Kv · KL · Rmod

1 + s · Cf · Rmod
. (35)
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Fig. 9. OV loop gains with and without compensation.

Here, KL = 5,Kv = 0.031, Vo = 115 V, and Po mod =
1 kW. Substituting these parameters into (35) and suppose
Gvo(s) is equal to 1, we can acquire the OV loop gains without
compensation as shown in Fig. 9, from which we can find that
the uncompensated cutoff frequency is low as about 700 Hz.
For the sake of improving the tracking precision of the OV, we
apply a PI regulator. The hysteresis current control inverter has a
broad distribution of harmonics in the OV and its switching fre-
quency is variable. Denoting its sampling frequency by fk , the
hysteresis current control inverter can be equivalent to the pulse
width modulation (PWM) inverter whose switching frequency
is a quarter of fk [37], [38]. Suppose the sampling frequency
of the inverter is 100 kHz. Then, the switching frequency of the
PWM inverter, which is equivalent from the hysteresis current
control inverter, is 25 kHz. One-fifth of this frequency, i.e.,
fc = 5 kHz, is set as the cutoff frequency of the compensated
OV loop. From Fig. 9, we can find the magnitude of the uncom-
pensated loop gain as−15.6 dB at 5 kHz. Thus, the compensator
should have a gain of 15.6 dB at 5 kHz. The inverted zero of
the compensator is chosen at 500 Hz, one-tenth of the cutoff
frequency. Then, the transfer function of the PI regulator can be
derived as

Gvo(s) = 6 +
6250

s
. (36)

With adoption of the PI regulator, the compensated loop gain
has a cutoff frequency of 5 KHz with a phase margin of 95°,
which means the superior performance of the control system.

IV. REDUNDANT CONTROL TO IMPROVE THE RELIABILITY

OF THE SYSTEM

A. Proposed Hot-Plugging Solution for ISOP Inverter System

With the control loops dispersed into each module and the
buses communication, distributed control of the system is ob-
tained. Then, the hot swap could be on the way. That is the
second step for the achievement of the redundancy.

Owning to series connection at the input terminal, the hot-
plugging technique for ISOP inverter system is quite different
from that of mature IPOP inverter system in which the failure
modules are removed directly from the system when malfunc-
tions happen. Here for ISOP architecture we introduce the input

Fig. 10. Internal architecture of the module and ON–OFF state of switches
during the course of hot swap. (a) Internal architecture of the module.
(b) ON–OFF state of switches when bypassing. (c) ON–OFF state of switches
when plugging into.

relays S11 − Sn1 and output relays S12 − Sn2 in Fig. 1 to by-
pass the faulty modules other than to cut them off. Further, we
should also introduce the signal switches Sj3 , Sj4 and Sj5 (re-
ferring to Fig. 3) together with relays Sj1 and Sj2 to carry out
the bypassing or plugging into of the module.

Fig. 10(a) shows the internal architecture of the module. The
switches Sj1 and Sj2 are realized by the power relay which has
its inherent delay time, and the signal switches Sj3 , Sj4 , Sj5 are
realized by the analog switch CD4051 which can respond almost
at once since its action delay is only several hundred nanosec-
ond. To realize the hot plugging, we need to regulate Sj1 ON,
Sj2 , Sj3 , Sj4 and Sj5 OFF to bypass the broken-down module
[referring to Fig. 10(b)], while control Sj1 OFF, Sj2 , Sj3 , Sj4
and Sj5 ON to plug into the new one [referring to Fig. 10(c)].
The DSP TMS320F28027 monitors the operation of the mod-
ule, and will trigger the hot-plugging process when a fault signal
is detected. Besides the ON–OFF signal of the switches, the DSP
has to transfer the enable/disable driving signal to control unit of
the two stages of each module. The operating time sequence of
these signals is intricate and is very crucial to the smooth trans-
mission of hot-plugging process. The detailed timing sequence
will be shown in the next section.

B. Timing Sequence of System Operation

In this section, timing sequence will be introduced. The whole
logic is controlled by a DSP chip. And the procedure involves
two parts as bypassing and plugging into.

When a fault signal is detected, DSP will trigger the bypassing
procedure. The first thing we should execute immediately is to
lock the driving signals of both the dc–dc and dc–ac stage of
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Fig. 11. Timing sequence illustration of hot plugging. (a) Bypassing.
(b) Plugging into.

the failure module at T1 [see Fig. 11(a)] in case of its adverse
impact on the system. Then, almost simultaneously at T2 we
need to give the disconnecting signal of switches as Sj3 , Sj4
and Sj5 , which will release connection of control units from the
ig bus, IVS bus, and vref bus. And the output-relay (Sj2)-OFF

and input-relay(Sj1)-ON signal are also provided at the same
time. The switches Sj3 , Sj4 and Sj5 turn OFF almost at once,
while, due to the delay of the relay operation, the output and
input relay actually react at T3 and T4, respectively. After a
while from T4, the system returns to the steady state and the
bypassing course ends.

As long as a healthy module is ready, DSP could give the order
to put it into the system. First, the DSP sends the signal to turn
ON Sj5 to connect its control unit with the vref bus at T5 to make
sure the new module realize bus signal synchronization. After
turning OFF the input relay at T7 [see Fig. 11(b)], the voltage
of the input dividing capacitor begins to rise. In order to accel-
erate the plugging-into process to a certain extent, the drive-
enabling signals of both stages of the new module should
be given when the input voltage reaches a certain level. Once
the drive-enabling signals are offered, the plugging-into module
begins to generate OV. When DSP regards the OV to be sinu-
soidal at T9, the output-relay-on signal will be provided. As the
output-relay is just about to react at T10, the bus (ig bus and
Vin bus) connection signals are given. Hence, the hot-plugging
terminates and the system goes back to normal.

V. EXPERIMENTAL RESULTS

To verify the effectiveness and validity of the proposed con-
trol scheme, a 3-kVA prototype of three-module ISOP inverter
system is fabricated and tested in the lab. The specifications

Fig. 12. Steady-state waveforms at full resistive load. (a) Modular input volt-
ages, system OV and current. (b) Modular input voltages, output inductor cur-
rents and system OV.

Fig. 13. Steady-state waveforms at full inductive load. (a) Modular input
voltages, system OV and current. (b) Modular input voltages, output inductor
currents and system OV.

are as follows: system input voltage: Vin = 810(±10%)VDC,
modular input voltage: Vcd = 270(±10%)VDC, OV: Vo =
115 VAC/400 Hz, modular dc link voltage: Vdc = 180 VDC,
modular output power: 1 kVA, Switching frequency of the
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Fig. 14. Experimental waveforms under step-load condition. (a) System out-
put current, modular input voltages and system OV. (b) System output current,
modular input voltages and output inductor currents.

dc-dc stage: 100 kHz, Switching frequency of the dc–ac stage:
25 kHz.

The devices of the module and their values are as follows:
Devices of the dc–dc stage: input dividing capacitor: Cd =

1000 μF, switching device: IRFP460, rectifier diode: DSEI30–
06, output filter inductor: Ldc = 0.26 mH, output filter capaci-
tor: Cdc = 1640 μF(820μF × 2).

Devices of the dc–ac stage: switching device: IXTQ42N25P,
output filter inductor: Lf = 0.7 mH, output filter capacitor:
Cf = 30 μF.

Figs. 12 to 15 give the experimental waveforms of the afore-
mentioned distributed control strategy. From Figs. 12 and 13
which show the waveforms at full resistive and inductive load,
we can see that IVS and OCS are achieved and the distributed
method is effective at steady state.

Fig. 14 detects the transient response of the system at the
nominal input voltage when the load current steps up and down
between one-third load and full load. Also, Fig. 15 presents the
transient process of the system at full resistive load when the
input voltage steps up and down between 729 V (90% rated input
voltage) and 891 V (110% rated input voltage). From the two
figures, we can find that regardless of perturbation at the input
voltage or the load, IVS and OVS can be achieved effectively
and the distributed scheme is valid at dynamic state.

After distributed control realized, fault tolerance could be im-
plemented to promote the reliability of the system. Following
graphs present the experimental results of the proposed redun-
dant method. Here module 2 is regarded as the hot-swap module.

Fig. 15. Experimental waveforms under step-line condition. (a) System in-
put voltage, modular input voltages, system OV and current. (b) System input
voltage, modular input voltages and output inductor currents.

Fig. 16. Bypassing. (a) Modular input voltages, output inductor currents and
system OV. (b) Modular input voltages, output currents and system OV.
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Fig. 17. Plugging into the system. (a) Modular input voltages, output inductor
currents and system OV. (b) Zoomed area of T10 in (a). (c) Modular input
voltages, output currents and system OV. (d) Zoomed area of T10 in (c).

Fig. 18. Efficiency curve of the overall converter.

Fig. 16 shows the waveforms of the bypassing process. Af-
ter blocking the driving signals of dc–dc and dc–ac stage, the
inductor current iL2 reduces sharply to zero at T1. Due to the
delay of the input-relay action, the voltage of the dividing ca-
pacitor Vdc2 increases slightly, while the other two capacitors
decrease briefly. When the output-relay finally reacts at T3, the
output current io2 drops to zero immediately. As the input-relay
reacts at T4, the dividing capacitor Cd2 discharges through the
resistor and its voltage falls down, while the other two capaci-
tors charge and their voltages goes up. In a minute, the system
returns to steady state and the bypassing process ends. It can be
seen that the smooth transition is achieved during the cause of
the transient.

Fig. 17 shows the waveforms of the plugging-into proce-
dure. Fig. 17(a) shows the modular input voltages, output
inductor currents, and system OV. A new healthy module,
module 2, is actually put into the system at T10, and Fig. 17(b)
shows the zoomed area of red circle in (a). We can see that the
system comes back to the normal state in time. Fig. 17(c) shows
the modular input voltages, output currents, and system OV.
Also the Fig. 17(d) is the zoomed area of T10 in (c). We can
see that the module burdens the system load promptly, and
we can barely see any voltage fluctuate from the OV. So the
smooth transition is also realized here and the hot-plugging is
finished.

It is noted that if one module fails, the other modules should
be able to handle the increased voltage. Does the choice and
design of the switching device at the input terminal have any
influence on the overall converter efficiency? Let’s talk about
the issue. First, for the three-module system in the experiment
of this paper, the input voltage of each module changes from
270 to 405 V when one module fails and retreats from the
system. While MOSFET optional voltage level is generally as
follows: below 100, 250, 500, 650, and 650 V above. So we need
to choose 500-V MOSFET no matter whether the three module
or the two module running. Here, we choose IRFP460 whose
voltage level is 500 V. Second, for the general N + 1 redundant
system (where N is a slightly larger number), the input voltage of
each module changes little when one failure module is bypassed
from the system. It is thus obvious that the choice and design
of the switching device has little impact on converter efficiency.
Fig. 18 give the efficiency curve of the overall converter and the
system efficiency at rated power is about 90.3%.
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VI. CONCLUSION

Two vital tasks have to be concerned for ISOP inverter system.
One is to achieve power balance, i.e., to ensure IVS and OCS
for the whole system. The other is to realize the redundancy
so as to enhance the reliability of the system authentically. For
the sake of fulfilling the both crucial missions, this paper first
puts forward the compound control to obtain IVS and OCS for
the system. Based on the control conception, the article then
comes up with a novel distributed control method, in which
all the control elements have been dispersed into every module
to get the fully modular system. As to the distributed control
implementation, the decoupling relationship of the control loops
is analyzed and the loop design is also given. On the basis of the
distributed configuration, the power relays and signal switches
are inserted into the main circuit and control units, respectively,
to execute the hot swap. It is worth noting that the bypassing
way is proposed to realize the exit of the faulty module, and
the detailed timing sequence of system operation is presented as
well to accomplish the redundancy for the ISOP inverter system.
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