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Abstract: This paper presents a three-phase
ac/ac motor drive with reduced component
count. The configurations were conceived to oper-
ate with reduced number of switches and without
boost inductor. The drives provide both bidirec-
tional power flow and power factor control. The
paper presents the analysis and control strategy of
the system, including current and PW M voltage
controllers. Experimental and simulation results
are presented.
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I. INTRODUCTION

The study of topologies with a reduced number of
switches is an important topic in power electronics since
it may provide alternative solutions to reduce the cost of
energy conversion process while preserving power qual-
ity [1-8].

Single-phase to three-phase conversion topologies that
do not use a boost inductor were proposed in [7] and
also studied in [8] and [9]. Three-phase to three-phase
conversion topologies that do not use a boost induc-
tor were proposed in [10]. This paper proposes a drive
configuration conceived to operate with reduced number
of switches and without boost inductors, but addressed
to applications employing a three-phase grid supply two
three-phase motors. The three-phase to two three-phase
ac drive configuration proposed is shown in Fig. 1. This
configuration comprises three-phase grid, twelve switches
(six-leg), capacitor de-bus, and two three-phase induction
machine. The drive provides both bidirectional power
flow and power factor control. Besides not using boost in-
ductors, the six-leg configuration uses less switches than
the standard double three-phase ac drives, that uses nine-
leg converter (a six-leg ac/ac rectifier /inverter [11] plus
a three-leg inverter).

The configurations was conceived for applications
where it is necessary to control two machine indepen-
dently with a significant reduction in the number of com-
ponents.

II. MACHINE DYNAMIC MODEL

The machines used in this work are three-phase stan-
dard machine (machines A and B). Adopting a fixed
coordinate reference frame, the mathematical model that
describes the dynamic behavior of the three-phase induc-
tion machine is given by (k = a for machine A and k=10
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Figura 1 Two three-phase motor drive system with six-leg
configuration.

for machine B):

) d
Vskdq = Tslskdq + Exskdq (1)
. d .
Vrkdg = Trlrkdg + EArkdq - JwrkArk:dq (2)
Aslcdq = lsiskdq + lsrirkdq (3)
)\rkdq = lsriskdq + lrirkdq (4)
Vsko — Tsisko + lls %isko (5)
Urko — Trirko + llr %Z’TICO (6)
Tek = Plsr (iskqirkd - iskdirkq)- (7)

where Vskdqg = Uskd +jvskqa iskdq = lgkd +jisk:q; and
Askdg = Askd + JAskq are the voltage, current and flux dg
vectors of the stator, respectively; vsro and isi, are the
homopolar voltage and current of the stator, respectively
(the equivalent rotor variables are obtained by replacing
the subscript s by r); Ter is the electromagnetic torque;
w, is the angular frequency of the rotor; ry and r, are
the stator and rotor resistances; I, l;s, [, and ;. are
the self and leakage inductance of the stator and rotor,
respectively; s is the mutual inductance and P is the
number of pair of poles of the machine.

The dgo stator variables of the previous model can be
determined from the 123 variables by using the trans-
forming equation given by [12]

(8)

Wsk123 = Aswskdqo
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Figura 2 Equivalent circuits for machines A (k = a) and
B (k=b).

Vectors wgg123 and Wskaqo can be voltage or current or
flux and A7t = AT,

ITII. SYSTEM MODEL

The configuration proposed in this paper is shown in
Fig. 1. It comprises six-leg (twelve switches), a capacitor
dc-bus and two three-phase machines. The converter is
Composed by switches qal, gala a2, §a23 a3, ana qb1, qbla
@v2; Qo2 @3 and Gz. The switch-pairs ga1— 415 Ga2— a2,

Ga3= Qa3> 91— Go1> G2~ Tp2,> b3~ Jp3 are complementary.
The conduction state of all switches can be represented

by an homonymous binary variable q.1, ¢u2, a3, Gb1, Gv2,
qp3 where ¢ = 1 indicates a closed switch while ¢ = 0
indicates an open one.

The converter pole voltages are given by

Valo = Vsal +€g1 + Vg0 = (2¢a1 — 1)% 9)
Va20 = Vsa2 +€g1 + Vg0 = (2¢a2 — 1)% (10)
Va30 = Vsa3 +€g1 + Vg0 = (2¢a3 — 1)% (11)
Vplo = Usbl + €93 + Vg0 = (2qp1 — 1)% (12)
Up20 = Vb2 + €43 + Vg0 = (2qp2 — 1)% (13)
Upso = Veb3 +eg3 + Vg0 = (2qp3 — 1)% (14)

where vg,; (i =1 to 3) and v, (i = 1 to 3) are the ma-
chine phase voltages, eg; (j = 1 to 3) are the grid voltages,
E is the dc-bus voltage and vy is the neutral grid voltage
referred to the de-bus mid-point ‘0" (v49 = —eg2).

From (9) to (14), the phase voltages can be obtained
as follows

Usal = Uqlo — €g12 (15)
Usa2 = Ua20 — €g12 (16)
Vsa3 = Ua30 — €g12 (17)
Ushl = Vblo — €¢32 (18)
Vb2 = Up20 — €g32 (19)
Ush3 = Up30 — €g32 (20)

where eg12 = €41 — €42 and eg32 = €43 — €4o.

By using (15)-(20) and (8) it can be written

2 1 1
Vsad = g(Ualo ~ 5la20 — 5%30) (21)
1
Vsaq = §(Ua20 - UaSO) (22)
1
Vsao = ﬁ(valo + Va20 + Va30 — 36912) (23)
2 1 1
Ushd = 5 (V10 — $UB20 — VB30
(oo — Suo — o) (24)
1
Ushg = 5(%20 — Up30) (25)
1
Ugho = ﬁ(vbw + Up20 + Vb3 — 3eg32) (26)

Onuly variables sao and sbo [see (23) and (26)] depend on
eg1 to e43. To make explicit that dependence, new voltage

variables sao’ and sbo’ were introduced, that is, v, _ =

sao
Vsao + \/§€g12 and v, = vspo + \/geggz. In this case, the
terms depending on the grid voltages are incorporated

into the o stator model (5), which become

. d .

U;ao = Tslsao + s %Zsao + €gsa (27)
. d .

U;bo = Tslsho + s %Zsbo + €egsbh- (28)

where egsq = \/§eg12 and egqp = \/geggg. Substituting
(1)-(4), (27) and (28), the model diagram for the dg and
o variables can be defined as depicted in Fig. 2. Note
that those models are decoupled from each other and o
model is coupled with the grid voltages.

The configuration proposed (see Fig. 1) has an unbal-
anced filter system because of the null impedance in phase
2 of the grid. The dc-bus capacitor supply the ac power
demanded by the unbalance filter.

IV. CONTROL STRATEGY

Decoupling between dq and o variables obtained in the
previous sections facilitates controling the system. Nev-
ertheless, the system control strategy still have to be ade-
quately defined to avoid unnecessary coupling of the con-
trol loops due to the references definition.

The machine torque control, which includes flux con-
trol, can be accomplished by controlling dg currents (e.g.,
field oriented control) or dg voltages (e.g., volts/hertz
control). The grid power factor control is generally
achieved by controlling the grid currents, but it can also
be carried out directly by controlling the converter input
voltage without any current loop.

Initially, consider that torque control for machine A
and B as well as power factor control should be done by
controlling only the machine phase currents. Assuming

that ¢¥,; (¢ = 1 to 3) are the machine reference phase
currents, iy, 4,; (i = 1 to 3) are part of the machine phase

currents only associated to dg currents (given by (8) with
i:ao = 07 i'e" i:adql =V 2/32'2(1(1’ i:adqQ = TV 1/6i:ad +
V1/2i5,4 and i%, 4.5 = —/1/605,4—/1/2i3,,) defined by
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Figura 3 Block diagrams of the system - Phase currents control
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the torque control and i}, are the sao reference current 44,3, the current 4%, is given by
(associated to the grid 441 current), the following relation »
can be defined o tg1

lsal = Zsadql + Ysao (29)
lsaz = Zsadq2 + Ysao (30)
lsa3 = zsadq?) + tsao* (31)
. . 1 . . . . . .
Since lsao = ﬁ(zsal +i5a2 +Zsa3) and 191 = —lsal —lsa2 —
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Togo = ——=

sao \/g'

Similar relations can be obtained for the machine B where
iy is replaced by i7;. Then for machine B we have

(32)

gl
b1 = Zsbdql + Lsbo (33)
[ ’stdq2 + Ysbo (34)
Lsb3 Zsbdq?) + Lsbo- (35)
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. . 1 . . . . .
Since isbo = = (isb1 + ishz + isp3) and igy = —isp —
1sb2 — Isb3, the current %, is given by
%
% _ Zg3

Ysbo = — \/g (36)

*

Then i3, is controlled by v{,, and iy3 is controlled by
Uiy, The current iy, is indirectly controlled, since igo =
—i41—1%g3. By using (32), (36) and the previous expression
for i%,41 10 15043 a0 %541 0 i5pg,3, (29)-(31) and (33)-
(35) become

i:al = mi:ad_i;/?’ (37)
BGar = V16050 + V1200, —ig /3 (38)
Bag = —V1/6il0a = V120l — /3 (39)
i:bl = miZbd_i;3/3 (40)
iy = — 1/6i:bd+\/mi:bq*123/3 (41)

(42)

iy = V160l — V1205, —ig/3. (42

Figs. 3 and 4 shows the control block diagrams for the
123 and dqo based control, respectively. The capacitor
voltage v, (dc-bus voltage) is adjusted to a reference value
by using controller R.. This controller defines the ampli-
tude I of all three-phase grid currents. To obtain an
unity power factor, instantaneous reference currents g1
iy and gz must be synchronized with the voltages e,
eg2 and eg3 (eg123). This is obtained by using block SYN.
In Fig. 3, blocks Rs, and Ry, implement the i541— 7543
and g1 — Igp3 currents control, respectively. In Fig. 4,
blocks Rsrqq and Rsp, implement the dg and o currents
control, respectively, for machine A (k = a) and machine
B (k=0).

When the torque and power factor controls do not use
any current loop, the diagram in Fig. 3 and 4 can be
directly adapted. In this case, for Fig. 4 the torque con-
troller outputs are the voltages v, ;, and vg,, (controller
Rsadq and Rgpqq are eliminated).

V. CURRENT CONTROLLER

In this paper the current control is implemented by us-
ing a linear discrete control. dq currents own only the
frequency w,, while the o currents owns only the fre-
quency wy. In order to deal with the filter unbalanced it
is more indicated to use a synchronous positive and neg-
ative sequence controller (double sequence synchronous
controller) [13].

In this paper a double sequence synchronous controller
was used. It has the following discrete-time control law

xq (k) = cos(weh)xg (k—1)+ wie sin (weh) ap (K — 1)
—1—2/@-% sin (weh) €5, (B — 1) (43
xp (k) = —wesin(weh)xy (k— 1)+ cos(weh)zp (k—1)
+2k; [cos (weh) — 1] &y, (K —1) (44)
,U;km (k) = Za (k) + kpgsm (k)

In these equations, h is the sampling period, &,,, = i%,, —

ism is the current error (m = sad, m = saq and m = sao
for the machine A or m = sbd, m = sbq and m = sbo
for the machine B); x, and x; are state-variables of the
controller; v}, is the reference voltages; w, is the current
reference frequency (w. = wyg, i.e., stator frequency, for
dg controllers or w. = wy, i.e., grid frequency, for the o
controller); and k,, and k; are the gains of the controller.
This controller gives zero current error in the frequency
We-

VI. PWM CONTROL

If the desired machine phase voltages are specified by
vh, and v¥, (i =1 to 3), and given the grid voltages eg1,
eq2 and eg3, then from (9) to (14) the pole voltages can

be expressed as

Valp = Vg1 T €g12 (46)
Vgoo = Vg2 +€g12 (47)
Uazo = Ugaz + €g12 (48)
Vho = Ugpr T €g32 (49)
Voo = Ugz T €g32 (50)
Uhzo = Vg T €g32. (51)

Once the pole voltage v}q — viag and vj;, — Vi3, have
been determined, we calculate the pulse-widths 7,1, 742,
Ta3, Tbi, Th2 and Tps by using

T

T
Tj:§+

Ev}‘o for j =al to a3 and bl to b3  (52)

and programmable times or by comparing these voltage
(modulating reference signal) to a high frequency trian-
gular carrier signal.

VII. VOLTAGE LIMITS

The voltage limits can be determined by considering
that all voltages are purely sinusoidal. Since v}, —vi., <
E, the dc-bus voltage necessary for the configuration
shown in Fig. 1 must satisfy both restrictions given by

E Z ll if (ll Z ZQ) and (ll Z lg) (53)
E > Iy if (lz > Zl) and (l2 > lg) (54)
E > I3 if (13 > l1> and (13 > lg) (55)
where [, = 2/3 (Vsadg + Visbdg) + Vsao + Vibo +

Ug> l2 = 2 (\/ 2/3‘/5adq + ‘/sao + Ug) and lS

2 (\/%Vsbdq + Vo + Uy
tude of the line grid voltage whereas Viraq and Vi, rep-
resent the amplitude of the machine dq voltage and the
small amplitude voltage associated to the drop voltage
due to the grid current across the o impedance, respec-
tively, for machine A (k = a) or machine B (k = b).

) and U, denotes the ampli-

VIII. SIMULATION AND EXPERIMENTAL
RESULTS

The systems presented in Fig. 1 have been studied by

(45) simulation and experimentally. In both case the switching
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Figura 5 Simulation results: (&) isad, saq, tsbd and ispq,
(b) isala isag and isag, (C) €g1 and 50 igl
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Figura 7 Simulation results: voltage dc-bus control.

frequency was 10kHz and C' = 1000 F. The set-up used
in the experimental tests is based on a microcomputer
(PC-Pentium) equipped with appropriate plug-in boards
and sensors. This study has shown that the behavior of
the systems are adequate. Next some selected results are
presented.
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Figura 8 Experimental results: voltage dc-bus control.

The results were obtained using current control in the
grid (power-factor control) and current control in the ma-
chine besides the voltage control of the dc-bus.

Fig. 5 (a), (b) and (c) presents simulations results for
the machines dq currents with 10Hz and 15Hz (of the ma-
chine A and B, respectively), phase currents with 10Hz
of the machine A and power factor control, respectively.

Fig. 6 (a), (b) and (c) presents experimental results for

the machines dg currents with 10Hz and 15Hz (of the ma-
chine A and B, respectively), phase currents with 10Hz
of the machine A and power factor control, respectively.

The capacitor voltage control are shown in Fig. 7 and 8
for the simulated and experimental results. As expected,
the machine phase currents present distortions due to the
presence of the grid current.

The overall control of the system is effective, even in
presence of grid voltage distortions.

IX. CONCLUSIONS

This paper has presented one reduced switch count ac
drive systems for two three-phase motors. The convert-
ers implement both the input rectifier and the inverter
without boost inductor filters. The topologies have used
no-torque variables to manage the grid current. Their
operating principles were presented. Also, it has been
shown that their overall performance are adequate. The
results have demonstrated the feasibility of the proposed
configurations.
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