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Series-Connected Current Source Inverters With Less Switches

Ling Xing and Qiang Wei

Abstract—EXxisting series-connected current source inverters
(SC-CSIs) are constructed by identical CSIs connected in series,
which involve the use of a high number of switches. In this letter, a
new topology with less switches is proposed, and to enable its op-
eration, a new modulation scheme as well as a unique transformer
configuration is developed. Lab-scaled experiments are provided
to verify the performance of the proposed SC-CSIs.

Index Terms—Modulation, series-connected current source
inverters.

1. INTRODUCTION

HE pulsewidth modulation (PWM) current source inverter

(CSI) with simple structure, grid-friendly waveform, con-
trollable power factor, and reliable short-circuit protection is
well used in medium-voltage drives [1]-[6] and also be consid-
ered a good candidate for energy storage system [7], microgrids
[8]-[10], and renewable energies [11]-[15]. To enable the ap-
plication of the CSI in applications with higher power ratings as
well as high dc voltage levels, a few identical CSIs are connected
in series to form series-connected CSIs (SC-CSIs) as shown in
Fig. 1 [13]-[15].

Shown in Fig. 1, the SC-CSIs serve as a centralized dc/ac in-
verter and are connected to the load through multiwinding trans-
formers. The multiwinding transformers have two functions: one
is to provide separate current path for each CSI, and the other to
step up the voltage if needed. The voltage/current/power ratings
of the transformers are depending on the rating of each CSI
and the number of CSIs [13]-[15]. All the employed CSIs are
identical in terms of topology, modulation, and control. Assume
six switches are used for each constitute CSI, the total number
of switches required in the conventional SC-CSIs composed of
n CSls is 6n.

To lower the number of switches without compromising the
other performance of the conventional SC-CSIs, a new topology
employing less switches is proposed in this work. The operation
principle of the newly proposed SC-CSIs is thoroughly analyzed
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Fig. 1. Conventional SC-CSIs [13]-[15].

and presented, based on which a new modulation scheme to-
gether with a new configuration of the multiwinding transformer
is proposed to ensure proper operation of the proposed inverter.

II. PROPOSED SC-CSIs

The proposed SC-CSIs are shown in Fig. 2, in which each
constituent CSIis constructed with six switches and the adjacent
two CSIs share three switches. By such an arrangement, the
number of switches is reduced from 6n (n > 2) in the conven-
tional topology to 3(n + 1). For example, shown in Fig. 2, the
switches S11, S12, S13, S21, S22, and So3 form CSI #1 and S5,
S99, So3, S31, S32, and S33 constitute CSI #2. The design of
filters L,, and C,, is same as that of conventional SC-CSIs where
L, =Ly, =L, and C; = Cy = C, and the design of L,, and C,
has been extensively reported in the literature [1], [16], thus not
repeated here.

A. Modulation

There are mainly three types of modulation schemes for
conventional CSI: space vector modulation (SVM); selected
harmonic elimination; and trapezoidal PWM [1]. In this work,
an SVM-based modulation scheme is proposed as an example
for the proposed SC-CSIs. Fig. 3 shows the space vector di-
agram for the conventional CSI illustrated in Fig. 1 [1]. The
implementation of modulation of CSI requires that at any instant
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Fig.3. Space vector diagram of the conventional CSI [1].

(commutation intervals excluded) there are two switches con-
ducting: one in the top and the other in the bottom. For example,
shown in the space vector diagram, the on-state switches under
the application of Vector I1 (corresponding to the switching state
of [61]) are S1 and S6. Please refer to [1] for more details in this
regard.

The modulation scheme of the proposed SC-CSlIs is developed
as follows. First, the modulation scheme of each CSI #m (m =
1, 2, ..., n) in the proposed SC-CSIs is same as that of the
conventional CSI shown in Fig. 1. The top three switches (S,,,1,
Sma2, and S,,3) of CSI #m in the proposed topology correspond
to S1, S3, S5 in the conventional CSI; and the bottom three
(S(m + 1)1, S(m + 1)2, and Sy, 4 1)3) in the proposed topology
correspond to Sy, Sg, So in the conventional CSI, respectively.
Second, a special arrangement is developed for the shared three
switches of any adjacent two CSIs in the proposed SC-CSIs
to ensure proper operation. In the case of CSI #(2m — 1), the
switches S(2m)1,S(2m)2, and S(2,,)3 function as bottom switches
and correspond to Sy, Sg, S2, whereas in the case of CSI #(2m),
they function as top switches and correspond to Sy, S3, S5. Third,
the switching states of the shared switches (S(2.m)1, S(2m)2, and
S(2m)3) are determined by CSI#(2m — 1). Finally, the switching
scheme of the proposed SC-CSIs is generated by combining the
above all as follows.
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Fig. 4. Equivalent circuit of the proposed SC-CSIs under one switching state.

TABLE I
PROPOSED MODULATION

Modulation (conventional CSI) S1, S5, 85, S5, Se, Sa [1]

Modulation (proposed SC-CSIs) S1u=83=...=Somn =5

m=1,2,...n Sp=8Sn=...=Som12 =S5
S=8u3=...= S(Zm-l)3 =35s
S =8Sy=...= S(zm)l =S8
Sn=8Sp=..= S(zm)z =S6
S3=8S=...= S(Zm)3 =5

Currents before transformer ig=—ipg=ig=..=CD"™Yi

Current after transformer i1 =ip=1I3= ... = iym)

Transformer connections A phase shift of 180° for CSI #(2 m)

1) The defined output current is ensured with the proposed

modulation scheme.

2) A phase shift of 180° exists between the output currents

of any two adjacent CSIs.

3) At any instant (commutation excluded), there is a total of

(n + 1) switches being on for the SC-CSIs involving n
CSIs and 3(n + 1) switches.

4) The switching frequency of each switch remains the same

as that in conventional CSI.

For example, as shown in Fig. 4, assuming the CSI #1 is oper-
ating under Vector /7 ([61]) that the switches S1; (corresponding
to S1) and S5 (corresponding to Sg) are ON; the Vector 14 ([34]) is
applied to CSI #2 that switches S22 (corresponding to S5 instead
of Sg) and Ss3; (corresponding to S4) are conducting and the
resultant output current of CSI #2 is lagging that of CSI #1 by
180°; and similarly CSI #3 is under the application of the Vector
I ([61]) that S31 (corresponding to S1) and S42 (corresponding to
Se) are in conduction. The modulation scheme for the proposed
SC-CSIs involving n CSIs is illustrated in Table 1.

B. Configuration of Multiwinding Transformers

A phase shift of 180° exits between the output currents of any
two adjacent CSIs as analyzed earlier. To cancel the phase shift
and enable the currents after the transformers to be in phase, the
inverter-side transformer windings are configured differently. As
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Fig. 5. Per-phase equivalent circuit of reversely dotted transformer.

shown in Fig. 2, the windings for CSI # (2m) are reversely dotted
compared with those for CSI # (2m — 1). By doing so, a phase
shift of —180° will be generated, which can be seen from its per-
phase equivalent circuit of the transformer shown in Fig. 5. Note
that this is one of the transformer fundamentals, which can be
found in any textbooks regarding transformers, thus not repeated
here. The resultant currents of CSI #n after the transformers
are therefore in phase. Also, it is worth noting that there is no
difference between the transformers in the proposed topology
and in the conventional one except the winding connections.

C. Voltage and Current Stress

Like conventional SC-CSIs shown in Fig. 1, all the switches
in the proposed SC-CSIs, share an identical current, that is the
dc-link current I, while conducting. Unlike conventional SC-
CSIs where all the switches have a same voltage stress, that is the
output line-to-line voltage, the switches in the proposed topology
have different voltage stresses. The voltage stress of switches in
the first and last rows (S11, S12, S13 and S(n + 1)1, S(n + 1)2s
S(n + 1)3) is same as that in conventional topology, whereas it is
doubled for the inner switches under the proposed modulation
scheme. Take the equivalent circuit under a given switching state
shown in Fig. 4 as an example, the voltage stress for S15 is Vyp,
whereas itis Vi, + Vp1q1 = 2V for Soq. Note that Vi, = Vit
is due to the existence of the 180° phase shift generated by the
proposed modulation, which is already analyzed earlier, thus not
repeated here.

The switching loss (Ps,) and conduction loss (F.,) for
switches are calculated as follows [17]:

Py, = fswESR (IZ> (VU ) (D

Pcn:(vCEO"_r'i)'i (2)

where Egp is the rated switching energy, fs, is the switch-
ing frequency, I, and V.., are the rated current and volt-
age, respectively, i and v are the instant values during switch-
ing/conducting, vo go and r are values to calculate the on-state
voltage of the device.

Compared with the conventional topology, the switching
losses and conduction losses for switches in the first and last
row of the proposed topology remain the same as they share
same voltage and current stresses; the total switching losses of
the inner switches also remain the same because: 1) though the
voltage stress of each inner switch in the proposed topology
is twice of that in the conventional one, the number of inner
switches is halved; and 2) they share a same current; and the total
conduction losses of inner switches in the proposed topology
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Fig. 6. Photo of experimental setup. 1) SC-CSIs. 2) Filter. 3) Multiwinding
transformers. 4) Load.

TABLE I
EXPERIMENT PARAMETERS

DC Current 1. =5A
Output Currents i1 =ip=3A
Number of CSls 2

Switching Frequency | 540 Hz

Filter Capacitors
Filter Inductors
Resistors

C,=C,=100 pF (0.38 pu)
Li=L,=5mH (0.18 pu)
Ri=R,=10Q

could see a decrease because: 1) they share same conducting
current; 2) half switches are conducting; and 3) the saturation
voltage vop for switches with doubled voltage ratings is not
doubled as well. For example, v is ranging from 1.95t0 2.1 V
for 1700 V IGBT, 2.5t0 3.4 V for 3300 VIGBT, and 3to 4 V for
6600 V IGBT [18]. The same conclusion also applies to other
types of power switches and power diode. To sum up, thanks
to the contribution of reduced conduction losses, the power
losses associated with switches in the proposed topology are
less than that in the conventional topology. However, we have to
say that how much power loss reduction the proposed topology
is able to achieve depends on the developed/used modulation
scheme, operation range, selection of switches used to form CSI,
power/voltage ratings, etc., and is out of the scope of this letter.

III. EXPERIMENTAL INVESTIGATION

To demonstrate the performance of the proposed SC-CSI and
modulation, a lab-scaled setup consisting of two CSIs connected
to separate loads (R and R) through two three-phase transform-
ers is constructed. Each three-phase transformer is constructed
by three single-phase transformers. The setup photo is shown
in Fig. 6 and parameters used in the experiments are listed in
Table II.

Fig. 7 shows the experimental waveforms of the output cur-
rents of CSI #1 and CSI #2 under steady state of 1. =5 A. i
and 4,1 are currents of CSI #1 before and after the transformer
and is2 and i,y are currents of CSI #2 before and after the
transformer. i4; and 749 are identical in magnitude but with a
phase shift of 180°, which proves that the proposed SC-CSIs and
the modulation scheme work well under steady state. i,,; and 7,
are identical in both magnitude and phase angle which proves
the previous analysis as well as the effectiveness of the winding
connections of the transformers. Fig. 8 shows the experimental
waveforms of the output currents of CSI #1 and CSI #2 under a
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Fig. 8. Experimental waveforms under transient state.

step change of ;. from 2 to 5 A. Similarly, all the currents before
and after the transformers follow their respective demand very
well and again it verifies that the proposed SC-CSIs, modulation
scheme, and configuration of the multiwinding transformers are
performing well under transient state.
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IV. CONCLUSION

A new topology of SC-CSIs is proposed. Compared with the
conventional one, the proposed one has less switches, lowering
the complexity of the inverter significantly and increasing the
converter efficiency. To enable its operation, a new modulation
scheme is proposed, and on this basis, a unique configuration
of the multiwinding transformers is introduced to cancel the
generated phase shift in the output currents. The effectiveness
of the proposed topology, modulation, and configuration of the
transformers are verified based on lab-scaled experiments.
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