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Abstract— This paper presents the control techniques for a
multiple current source GTO converter in a high-power en-
vironment. The output current space vector diagram for the
multiple converter is presented. The important issue of dc current
sharing between the two bridges is discussed, and a novel current
sharing control scheme based on the use of redundant switch
combinations is presented. Harmonic issues are discussed. The
ranges of independent control of real and reactive power for
different dc power sources are presented.

I. INTRODUCTION

N RECENT years, high power inverter topologies have

attracted considerable attention as interfaces between dc
energy storage systems and the ac power transmission and
distribution systems. In this regard, current source inverters
(CSI) using gate turn-off (GTO) thyristors are of special
interest, since they permit four quadrant operation. During
forced commutation, a GTO CSI needs to have a mechanism
to absorb the energy trapped in the line inductance. This is
usually done by connecting capacitors between the ac lines
[1]. The mechanism of occurrence of the over-voltage and a
method of its suppression is also discussed in [1].

From the foregoing discussion, it is seen that a primary task
of the GTO CSI is to achieve control of both the magnitude
of the output current vector, and its position relative to the ac
system voltage. The control of these two quantities preferably
should be independent over as wide a range of inverter
operation as possible. On the dc side, it is equally important to
ensure that the inverter presents the proper input characteristics
to the dc source, possibly by the use of closed loop control.

In high-power inverter topologies, it is not advisable to
employ pulse width modulation (PWM), at least around the
inverter nominal operating point, due to switching loss con-
cerns. However, at high-power levels, harmonic issues gain in
importance. To reconcile these conflicting demands, various
solutions have been proposed in the past. For example, [2]
described an early use of parallel connection of six-step in-
verters by means of phase-shifting transformers. The resulting
multi-stepped inverter output voltage waveform had a reduced
harmonic content compared to the output of a single six-step
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Fig. 1. Multiple CSI topology.
inverter. Inverter paralleling also increased the overall power
rating of the combined system.

More recently, the so-called multi-level inverter topologies
have been proposed. In the voltage source inverter (VSI)
domain, [3] proposed the neutral-point clamped inverter (NPC
VSD. In the current source inverter (CSI) domain, a multi-
level inverter topology was proposed at an even earlier date
by [4], and was called a multiple current source inverter.

Subsequently, [S] proposed the use of the multiple CSI of
{4] for induction machine control. This consisted of two CSI
modules, and was thus called a Dual Current Source Inverter.
Further, [6] proposed its use for interfacing a superconducting
magnetic energy storage (SMES) coil to a power system, and
[7] extended the concept to the use of multiple modules in
place of two.

The essential topology of the multiple GTO CSI is given
in Fig. 1. The important topological and operational features
of the converter have been discussed in [4] and [5], and are
only briefly mentioned here. The intercircuit reactors L; and
L, permit the division of the total dc current ;. into the two
GTO bridge circuits, and so the maximum current in a device
at any time is I4./2. It is possible to control the fundamental
magnitude of the ac current by correctly controlling the relative
phase shift between the two bridges, without PWM. It is also
possible to control its phase relative to the ac voltage.

The central aim of this paper is to bring into focus the
control aspects of the multiple CSJ, and to discuss in detail
its advantages and limitations when used in a power system
environment.

II. CONTROL REQUIREMENTS

On the dc side, it must be ensured that equal average dc
currents exist in the two bridges (see Fig. 1). The intercircuit
reactors L and Lo, along with a proper GTO firing algorithm,
permit this equal current division. To avoid dc current drift,
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the firing algorithm must ensure that the steady state average
voltage across each intercircuit reactor is just enough to
compensate for resistive drops in that reactor. It must also
ensure that the proper dc voltage, V;. in Fig. 1, appears on
the dc bus.

On the ac side, the firing algorithm must ensure that the
ac current has the desired fundamental amplitude, and has the
desired phase relative to the ac voltage.

The extent to which these four basic control requirements
can be met depends on the nature of the dc source (constant
current or constant voltage). A constant dc current source has
no essential restrictions on the dc voltage across it, and Vy,
can vary over a wide range, both positive and negative. Thus,
the ac real power P is determined by the value of V., and
can be either positive or negative. For example, this feature
could be used to discharge or charge a SMES coil.

A constant dc voltage source imposes a constraint on the
value of Vg4, and ac power control can be achieved by
controlling the value of the dc current I,.. It is well known
that power flow in this case is unidirectional. The nature of
the dc source affects not only the control of ac real power,
but also the range over which independent control of ac real
power P and reactive power () can be achieved.

The vector representation detailed in the next section pro-
vides a very convenient means to implement the control
schemes. Later, a systematic switching algorithm which ex-
ploits the redundancies in the switch combinations to achieve
equal dc current sharing between the bridges is described.

III. VECTOR REPRESENTATION OF QUTPUT CURRENTS

It will prove to be convenient to transform the ac line
currents, vectorially, to the d — ¢ — n reference frame, after
the manner of Park [8]. In this framework, the currents are
transformed according to the relations:
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For the transformation required here, the angle # can be
chosen to be an arbitrary value convenient for the presentation.
If § is chosen to be 0, then the transformation becomes:
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In these equations, i,, i, ¢. are the instantaneous values of
the three line currents. If the sum of the currents is zero, as
it is assumed here, i, is zero.

The vector representation provides a convenient means
for considering the combined action of the two bridges.
It enables the analytical description of the output currents,
and facilitates the development of control schemes for the
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Fig. 2. Multiple CSI vectors.

inverter. Fig. 2 shows all the 19 possible output current vectors
and the 36 switch combinations that generate these vectors.
The redundancy between the switch combinations is readily
apparent from Fig. 2.

In Fig. 2, the numbers in bold denote the switch combination
number. The numbers in parentheses denote the conducting
switches which result in the vector. For example, switch
combination number 8 is achieved by the switches (3,2;3,4),
in which switches 3 and 2 from Bridge I and switches 3 and
4 from Bridge J conduct.

The method of selection of the vectors determines the output
current waveform. Fig. 2 shows that apart from the zero vector,
there are three distinct classes of vectors. Class I consists of
the “large” vectors 1,2, .. ., Class II consists of the “medium”
vectors 7,8, ..., and Class III consists of the “small” vectors
13,14,..., as in Fig. 2. When only the vectors of Class I
are used in sequence, the output ac current waveform is the
standard six-step waveform with a maximum value of Ig4.
Multi-stepped waveforms are obtained by the use of the other
vector classes. It is possible to control the magnitude of the
fundamental component of the output current by changing the
time for which each vector class is chosen.

An added flexibility is provided by the fact that each vector
in Classes II and III can be synthesized by two distinct
switch combinations. This means that the same output current
waveform can be produced with two different voltages across
the intercircuit reactors. This fact can be used very effectively
to enforce equal dc currents in the two bridges, as will be
described in Section VI below.

IV. AC POwER FLow

This section considers the flow of real power P and reactive
power () in the ac system. It is emphasized here that for power
system applications, the real and reactive power flows in the
ac power sources are important from the points of view of
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Fig. 3. AC voltage and CSI current.

load flow calculations, stability analysis and control. For these
reasons, it important to consider the P and @ flows in the
multiple converter topology.

The expressions for P and @ can be obtained on the basis
of the vectors depicted in Fig. 3, which shows various vectors
in the stationary d — g reference frame at some instant of time.
E is the ac system voltage vector. I; and I are the current
vectors of the two bridges. I is the vector current provided to
the ac system. The definition of the angles a and g in Fig. 3
provides a means to develop very elegant control schemes. The
angle o determines the magnitude of the ac current. The power
factor angle ¢ is equal to 3/2. With these angle definitions,
the expressions for P, @ and Vj, are:

3 _
pP= ﬂEldc[cos(ﬁ;ro‘) + cos(? > =3 IS)
Q= %Eldc[sin(ﬂ -|2- a) + sin('B ; C‘C)] 2
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In these equations, £ is the magnitude of the ac system
line-line voltage, and I is the dc current shown in Fig. 1. It
is convenient to define the following two quantities:

a:cos('g+a)+cos(ﬂ;a) (€]
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The values of o and 3 can be obtained by solving (4) and
(5). These are found to be:
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Equations (1), (2), and (3) indicate the range over which P
and ) can be controlled independently for fixed ac voltage
E. This range is critically determined by the nature of the dc
source.

With a dc current source, the dc voltage across the source
can vary over a wide range. In principle, the quantities a and
b in (4) and (5) can vary between +2 and —2. Thus, P and Q
can simultaneously take any value within a circular boundary
in the P — @ plane. This is shown in Fig. 4(a). The boundary
expands with increasing I;.. It is to be noted that in Fig. 4,
P and Q delivered by the inverter to the ac power system is
considered negative.

With a dc voltage source, the situation is more complicated.
The presence of the voltage source requires that to ensure volt-
seconds balance in the inductor L, the steady-state average
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Fig. 4. Regions of P and Q control. (a) With dc current source. (b) With
dc voltage source.

voltage on the inverter dc bus, V., must equal the dc source
voltage, V, if the resistive voltage drop across L is neglected.
This imposes a rather severe restriction on the range of
independent P and @ operation. For a fixed ac voltage, (3)
and (4) indicate that a must be a constant, dictated by the
value of the dc source voltage V. The range of control is thus
characterized by the range over which b can be varied, keeping
a constant. The region of operation with a dc voltage source is
shown in Fig. 4(b). For a given dc current I, the steady-state
ac power P is constant. The reactive power () can be altered
along the horizontal line shown in Fig. 4(b). Thus, the region
of operation is simply a line parallel to the Q-axis.

V. AC CURRENT CONTROL

The two control angles « and 3 were defined in the previous
section. It is apparent from Fig. 3 that the magnitude of the
ac current is controlled by the angle «. The fundamental ac
current magnitude is controlled from maximum to zero by
controlling « in the range 0 < a < 7. The maximum ac
current is obtained when a = 0. Over this range, the ac current
waveform changes, and so does the harmonic spectrum of the
ac current.

Fig. 5 shows the construction of the line current i, for
0 < a < 7/3. The spectrum of this waveform can be
easily obtained by considering odd symmetry, and setting up a
Fourier sine series. The line current can then be represented as:

ia(t) =) bnsin(nwt) ®)
n=1
414 nw no
b, = oy 005(7)005(7) )
n=135,..

In these equations, I,. is the dc current as shown in Fig.
1, and w is the fundamental angular frequency (377rs~!
for 60 Hz). Although (8) and (9) are derived for the case
0 £ a < /3 (see Fig. 5), it can be shown that the same
equations hold for the entire range of «.

Fig. 6 gives the variation of the fundamental amplitude of
the ac line current, and the amplitudes of the Sth, 7th, 11th,
13th, and 17th harmonic components, as functions of a. In
this figure, equal sharing of the dc current by the bridges
is assumed. The figure indicates the variation possible in
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the fundamental amplitude. Operation at large values of «
results in larger harmonic content relative to the fundamental.
Thus, in general, it is advisable to choose a nominal operating
point with o around 7 /5, where the 5th harmonic has zero
amplitude, and other harmonics have low amplitudes.

As described above, the angle « is used to control the
magnitude of the fundamental frequency ac current. The
position of the ac current relative to the ac voltage is likewise
controlled by the angle 3, shown in Fig. 3. The angle 3 is
a measure of the delay in generating the switch firing pulses
relative to the ac voltage. In fact, the angle 8/2 = ¢ is the
displacement power factor angle. The range of values possible
for B is m < 8 < 3x. In the range m < 3 < 2, the inverter
takes reactive power () from the ac power system. In the range
2r < [ < 3m, the inverter gives reactive power to the ac
power system.

The link between the control angle « and the vector diagram
of Fig. 2 will now be established. The output current vectors
shown in Fig. 2 are chosen sequentially in the anti-clockwise
direction. There are 19 current vectors, but not all are chosen.
The value of a determines which vectors are chosen.

Y -
B2 l \}\ e 12,31
S
1 Y
'
d
Fig. 7. Current vector control.
TABLE [
Angles— n ¢
0<a<m/3 a |7/3-«

/3 <a<2n/3127/3 — aja—7/3
2r/3<a<7 |a—27/3| 7 -«

For 0 < a < 7/3, the “large” vectors of Class I and the
“medium” vectors of Class II (refer to Section III) are chosen
in anti-clockwise sequence. Each Class I vector is chosen for
a time corresponding to /3 — «, and each Class II vector
is chosen for «. Thus, for example, for « = 0, only the
Class I vectors are chosen, and the inverter operation is the
conventional six-step, resulting in maximum output current.
For higher values of «, Class II vectors are chosen for longer,
and Class I vectors for shorter, durations. The ac fundamental
current magnitude decreases.

Forr/3<a<2x /3, the “medium” vectors of Class II and
the “small” vectors of Class III are chosen in anti-clockwise
sequence. Each Class II vector is chosen for 27/3 — «, and
each Class III vector is chosen for a — /3.

For 27/3 < a < =, the “small” vectors of Class III and a
zero vector are chosen. Each Class III vector is chosen in anti-
clockwise sequence for 7 — a, and the zero vector is chosen
for o — 27/3.

Fig. 7 shows the scheme to achieve complete control
of the ac current vector. For convenience, only a few of
the 19 possible inverter current vectors are shown. The ac
power system voltage vector is obtained by transforming the
instantaneous values of the three phase ac voltages to the
stationary d — ¢ reference frame. The resulting vector, E,
rotates as shown with an angular frequency w. The position
reference for the desired inverter current vector is obtained
by adding (3/2 to the instantaneous position of the ac voltage
vector E. The position of the desired inverter current vector
is denoted by the line S.

To control the magnitude of the desired inverter current, the
angles 1 and ¢ are defined (see Fig. 7), by Table 1.

These angles define sectors around each inverter switching
vector, as in Fig. 7. When the line S enters a sector, the
switching vector contained in the sector is chosen for output.
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There are muitiple choices of switch combinations in each
sector (see Fig. 2). These choices are made so as to achieve
zero average voltage across the intercircuit reactors L; and
Lo, thus ensuring equal dc current sharing between the two
bridges. This is possible over the entire ranges of a and f3,
and the process is detailed in the next section.

VI. DC CURRENT BALANCE

The correct choice of vectors can be made systematically
as the line S sweeps around anti-clockwise, so as to achieve
dc current balance between the two bridges. This is done by
choosing the vectors to ensure zero average voltage across
each intercircuit inductor. The vectors chosen depend on the
value of a. The sequences of vectors chosen are given [see
bottom of this page].

The essential idea behind dc current balance control is that
for vector classes II and III, the same ac current vector can
be generated by two distinct switch combinations. Thus, the
current balance control on the dc side can be decoupled from
the ac side. For example, for the vector (7, 32) in Fig. 2, there
are two distinct switch combinations: (1, 2; 3, 2) and (3, 2; 1,
2). The combination (1, 2; 3, 2) results in a voltage F,; across
intercircuit reactor L. The combination (3, 2; 1, 2) results in
a voltage Ej, across across L;. These two combinations affect
the dc currents I,y and I,.; in opposite ways, but generate
the same output ac current vector.

The above sequences indicate that the switching repeats
after two cycles. The voltage across each intercircuit reactor
then has a zero average value over % of the ac voltage cycle
of the power system. With these choices of the switching
sequence, it is possible to operate over the entire ranges of the
control angles « and (3, and still achieve dc current balance.
Tight closed-loop control of the difference between I;.; and
147 ensures that the two bridge currents do not deviate from
each other. This is achieved by making the correct choice
of the switch combination every time a new output current
vector is chosen.

It must be noted here that the above sequences are not
unique. Other switching sequences that ensure dc current
balancing are possible, and an appropriate sequence might be
chosen that satisfies some specified criterion.

It can be shown that the sequences given above result in an
average dc voltage, Vg in Fig. 1, as given by (3), provided
that the intercircuit reactors have equal value. In that case,
the lowest voltage harmonic present in Vj. is the 6th. The
amplitude of the harmonic content of V. depends on the
control angles « and f.

B=mn,3n 2n
’ 1176, 1316
76, 1716 6
T X )

5r/3, Tri3

03 P\ w2sme
\ 3m/2, 502 -
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Fig. 8. Sixth harmonic in Vg, versus a.
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Fig. 9. Sixth harmonic in V. versus 3.

Fig. 8 shows the normalized amplitude of the 6th harmonic
component of the dc voltage V., as a function of «. The
normalizing factor is V, the peak value of the ac system
line-line voltage. The curves in Fig. 8 are plotted with the
control angle 3 as a parameter. It is seen that in the range of
« between 0.45 and 0.65 rad, the 6th harmonic has low values
for any given (. It would thus be desirable to set the nominal
« operating point of the inverter to be within this range.

Fig. 9 shows the normalized amplitude of the 6th harmonic
component of V. as a function of 3, with a as a parameter.
The normalizing factor is the same as described above. The
curves are symmetric about 3 = 2x, and have either maxima
or minima, depending on the value of a. However, if the
nominal value of « is taken to be w/6, the normalized
amplitude of the 6¢th harmonic is less than ~ 0.085, regardless
of the value of §.

0 < a < 7/3:

1,7,2,8,3,34,4,35,5,11,6,12,1,32,2,33,3,9,4, 10,5,36,6,31,1, ...

/3 < a < 2n/3:

26,7,13,8,14,34,29, 35,30, 11,17, 12, 18, 32, 27, 33, 28,9, 15, 20, 16, 36, 25, 31,26 . ..

27/3 < a < m

26,22,13,23,14,21,29, 22,30,20,17,21,18,19, 27,20, 28, 24, 15,19, 16, 23,25, 24,26, ...
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Fig. 10. DC current change and current balance.

The effectiveness of the current balance method detailed
above is demonstrated by a simulation example in the next
section.

VII. EMTP SIMULATIONS

The multiple CSI, along with the vector control scheme
and current balance method detailed above, has been modeled
using the Electromagnetic Transients Program (EMTP). The
dc source has been considered to be separately a voltage
source and a current source. Some waveforms obtained from
the simulations are presented below.

With a dc voltage source, the steady state average value
of V4. (see Fig. 1) is constrained to be equal to the dc
source voltage. A very convenient control scheme to meet
this constraint is to have closed loop control of the dc current.
Thus, there is no need to have explicit knowledge of the dc
source voltage value V. The closed loop controller operates
on the error between the set value of /;., and the actual value,
obtained by measurement. This also naturally controls the ac
real power P. The dc current controller determines the value of
a (refer to (4)). On the ac side, the closed loop control is on the
reactive power (). The controller acts on the error between the
set and actual values of (), and determines the value of b (refer
to (5)). Equations (6) and (7) are then used to compute the
values of the control angles « and . These values of « and
are used to sequentially select the appropriate current vectors,
and generate the correct switch firing pulses as described in
the previous sections.

Fig. 10 shows the response of the dc currents to a change in
the dc current set-point from 3 kA to 3.5 kA. The dc current
controller accomplishes this task. The choice of proper current
switching vectors to achieve current balancing ensures that I,
is shared equally by the two bridges, such that Iy.; = I.;, on
average, even transiently. This demonstrates the effectiveness
of the current balancing scheme detailed above.

With a dc current source, the dc voltage can vary over a wide
range. The control is now on the ac side quantities, P and Q.
The error in real power P is used to determine the value of a
(refer to (4)). Likewise, the error in reactive power @ is used
to determine the value of b (refer to (5)). From a and b, the
values of the control angles a and 3 are computed using (6)
and (7). These are then used to select the appropriate vectors
and generate the firing pulses as detailed in the previous two
sections.

300
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Fig. 12. DC voltage Vg 1.

Fig. 11 shows the change in P and () in response to change
in the set-points. At 0.15 s, the P set-point is changed from
200 kW to 250 kW, and at 0.2 s, the Q set-point is changed
from 10 kVAr to 50 kVAr. The waveforms show excellent
decoupling between the controls of these two quantities. The
traces of Fig. 11 have been averaged to reduce ripple present
in P and Q, in order to better demonstrate the decoupling of
the control of the two quantities.

Fig. 12 shows the dc voltage across Bridge I (see Fig. 1),
when the P set-point is changed from 200 kW to 250 kW at
0.15 s. The figure shows an increase in the dc bus voltage in
response to the increase in power command. It is to be noted
that the waveform is such as to ensure zero average voltage
across the intercircuit reactors L; and Ls.

Fig. 13 shows the total dc voltage V. (see Fig. 1), for the
same change in the P set-point as above. The increase in the
average value of V. after 0.15 s is readily apparent. Also, it is
noted that the harmonic of the lowest order in this waveform
is the 6th harmonic.

Fig. 14 shows the ac line current ¢,, for the same change
in the P set-point as above. The change in the wave-shape at
0.15 s is apparent. Clearly, the amplitude of the fundamental
ac current increases after 0.15 s.

VIII. CONCLUSION

This paper has brought into focus the major issues related to
the control of the Multiple CSI in a power system environment.
For this purpose, the vector diagram of the multiple CSI has
been presented. The issue of current balancing between the
two bridges of the converter has been resolved by making use
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of the redundant switch combinations which result in the same
output current vector. This has been achieved without the need
to use pulse width modulation (PWM) of the output current.

The regions of independent control of P and @ have been
presented for both a current and a voltage dc source. It has been
demonstrated that a dc voltage source severely restricts the
range of operation of the muitiple CSI. This would probably
make the topology unsuitable for operation with many voltage-
type energy sources. However, the topology could be useful
in applications like grid-connected photovoltaic systems. The
multiple CSI has very good performance with a current source,
making it attractive for application with, for example, SMES.
The dependence of ac and dc side harmonics on the operating
point has been presented.

The multiple CSI circuit and the associated vector control
schemes have been simulated using the Electromagnetic Tran-
sient Program (EMTP). The results of the simulations have
been presented to validate the control mechanisms.
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