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Abstract- This paper presents three motor drive sys-
tem topologies using five-leg converters. The proposed
configurations present lower dc-link voltage than their
counterparts found in the literature. All the topologies
use ten power switches and does not have any connection
to the mid-point of the capacitor bank. Model, pulse-
width modulation techniques and control strategies are
investigated. The main characteristics of the drive systems
are also presented. Experimental and simulated results
demonstrate the feasibility of the systems.

I. INTRODUCTION

To feed and control independently multiple ac motors in
industrial applications usually require to use multiple variable
frequency drive systems. An alternative to reduce the instal-
lation cost is to use converter topologies that allow to reduce
the number of power switching devices [1-8].

The five-leg converter topology for supplying two ac motors
independently has been used as a solution for driving a three-
phase induction motor for traction and a two-phase induction
motor for compression in automotive applications [9], [10].
This solution has allowed to reduce the cost of drive system
for the compressor motor [9], [10]. The use of the five five-
leg inverter topology for supplying two motors has also been
investigated in [11], [12], for three-phase motors and two-
phase motors connected in parallel and series arrangements,
respectively. Figs. 1(a) and 1(b) shows the configurations of
the two systems studied in [11] and [12] with three-phase
motors.

This paper presents three configurations of motor drive
systems based on the five-leg inverter topology. In this paper
only three-phase motors were considered, each one connected
in a wye or delta arrangement, as it can be observed in Fig.
2. Fig. 2(a) shows the Configuration YD-P, which means wye
(Y) and delta (D) arrangement of the three-phase motors being
connected in a parallel (P). Figs. 2(b) and 2(c) show the
Configurations DD-P and YD-S, respectively.

All the proposed configurations are composed of switches
@ Q1> 925 925 935 35 94, G4 95 and gg. The switch-pairs ¢ —
q1> 92— Qo9, G3— Qs, qa— G4 and gs— @ are complementary.
The conduction state of all switches can be represented by
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binary variable g1, g2, g3, q4 and g5, where ¢ = 1 indicates a
closed switch while ¢ = 0 indicates an open one.

II. THREE-PHASE MOTOR MODEL

A typical three-phase motor has been used in this work.
Selecting a fixed coordinate reference frame, the mathematical
model that describes the dynamic behavior of the three-phase
induction motor is given by
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Vsdq Tslsdq + E)\sdq (1)
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where Vsdg = Vsd T+ jUSq, isdq = is¢q + j’isq, and )\qu =
Asa + jAsq are the voltage, current and flux dg vectors of
the stator, respectively; vs, and g4, are the homopolar voltage
and current of the stator, respectively (the equivalent rotor
variables are obtained by replacing the subscript s by r); T,
is the electromagnetic torque; w, is the angular frequency of
the rotor; r, and r, are the stator and rotor resistances; I, [;5,
l,- and [;,- are the self and leakage inductance of the stator and
rotor, respectively; [y, is the mutual inductance and P is the
number of pair of poles of the machine.

The dqo stator variables of the previous model can be
determined from the abc variables by using the transformation
given by

Wsabe = Aswsdqo (8)
with Wisabe = [wsa Wsp wsc}Ts Wsdgo = [wsd Wsgq wso}T and
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Vectors Wgqpe and wqq, can be voltage or current or flux
vectors and A1 = AT,
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Fig. 1.  Five leg converter configurations studied in [11] and [12]: (a)
Configuration YY-P and (b) Configuration YY-S.

III. CONFIGURATION YD-P

A. Model

The Configuration YD-P is composed of two three-phase
motors arranged in a wye and delta connection and sharing
the leg 3 (g3-g3) [see Fig. 2(a)]. The motors voltages are given
by

V1a V10 = Uno )
Uiy = V20 — Uno (10)
Vie = V30 — Uno (11)
V2q = V40 — V30 (12)
Vb = Us0 — V4p (13)
Ve = V30 — Us0- (14)

Applying the transformation given in (8), the dq voltages
associated with the machine 1 (wye connected) are given by:

2 1 1
Vg = 3 (1110 —gv20 - 5030> (15)
1
Vg = 7 (v20 — v30) (16)

while, the dg voltages associated with the machine 2 (A
connected) are given by:

3
Voq = 3 (v40 — v30) )
1
Vaq = 7z (2us0 — v40 — v30) - (18)
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Fig. 2. Proposed five leg converter configurations: (a) Configuration YD-P,
(b) Configuration DD-P, (c) Configuration YD-S.

B. PWM Strategy

From (9)-(14), it can be writen for the reference voltages

Vla = Vlo ~ Vno (19)
Vi, = V3 — Upg (20)
Vi, = U3y — Upg 21
Ve + Ve = Vg — Upg (22)
Vip — V3¢ V50 = Uno- (23)

In this equations the reference voltages (v],, vy, Vie» U5, and
v3.) are expressed in terms of dq reference voltages (vyy, vy,



V54, and U;q) defined by the controllers, as follows

v, = \/gvikd (24)
vy, = \/gvld + \/gqu (25)
vy, = ;U;d 27
Vae = \/gvzd \/gv2q (28)

The reference pole voltages can be obtained directly from
(19)-(23), that is,

Vig = Vig+Upng (29)
vy = Ui+ ung (30)
vy = Ui+ Upg €2y
Vip = U3q Vit Ung (32)
V3o = Ul — Uz T Uno- (33)

Notice (29)-(33) cannot be solved unless v} is specified.
The voltage v}, can be calculated taking into account the
general apportioning factor p that is

" 1
Uno = E(ui 7)

where v} .. = maxV and v},
{U1a7vlb7vlc7v2a + Ulc’vlc UQC}

Expression (34) was derived by using the same approach
employed to derive the equivalent one for the three-phase
PW M modulator [13], [14].

Given the pole voltage determined in the previous equations,
it is possible to calculate the pulse-widths 77 to 75 by using

T T
T + E 71

and then program the timers accordingly.

Alternatitively, the gating signals can be obtained by com-
parison of the pole voltages with a high frequency triangular
carrier signal.

Dl

min*

— W+ (1 — (34)

= minV, where V =

roforl=1to5

IV. CONFIGURATION DD-P
A. Model

The Configuration DD-P is composed of two three-phase
motors arranged in a delta connection and sharing the leg 3
(g3-q3) [see Fig. 2(b)]. The motors voltages are given by

Vg = V20 — V10 (35)
Uy = V30 — V20 (36)
Vie = V1o — V30 37
V2q = V40 — V30 (33)
Ugp = V50 — V4o (39
V2¢ V30 — Us0- (40)

Applying the transformation matrix given in (8), the dg
voltages associated with the machine 1 are given by:

3
g = \/; (—v10 + v20) 1)
1
Vg = N (2u39 — v20 — v10) (42)

while, the dq voltages associated with the machine 2 are given

by:
3
Voq = \/; (—v30 + v40) (43)
1
Vog = 7 (2u50 — va0 — v30) - 44)

B. PWM Strategy

From (35)-(40) it can be writen for the reference voltages

Vi, V30 — Vig (45

—vi, = U3y — Vg (46)

v;a - UTC = /UZO - ,UTO (47)
7”;0 - ,U:TC = U;O - IUTO‘ (48)

Introducing an auxiliary variable v}, the reference pole
voltages can be obtained directly from (45)-(48), that is,

vip = U, (49)
vy = Vi, +Uy (50)
vy = —Vi .+, (51)
Ulp = Uaq — Vit U (52)
Vi, = —v, —vi.+U. (53)

The voltage v is obtained using the same approach em-
ployed for Configuration YD-P for v},. The expression (34)
is still valid with V' = {0, v{,, —vs, — Ui}

V. CONFIGURATION YD-S

* * *
“V1csV2q = Vies

A. Model

The Configuration YD-S is composed of two three-phase
motors arranged in a series connection, without sharing any
leg [see Fig. 2(c)]. The motors voltages are given by

Ula V10 — Uno (54)
Uiy = V20 — Uno (55)
Vie = V30 — Uno (56)
V2a = V40 — Uno (57)
V2p = Us0 — V40 (58)
V2¢ =  Upo — Us- (59

Applying the transformation matrix given in (8), the odgq
voltages associated with the machine 1 are given by:

2 1 1
Vg = \/; (Um — 20 ~ §U3o> (60)
1
Vg = ﬁ (v20 — v30) 61)
1
Ve = 7 [(v10 4 v20 + v30) — 3Uno) (62)



The voltage v,,o can be written as follows:

1 3
Uno = 5 (V10 + V20 + V30) — V1o (63)

3 3

From the homopolar model and considering the homopolar
current of machine 1 equal to is,/ V/3 it follow that

Z‘2(1, —|—l d i2a
:’["9— —_——
VBT s

The dgq voltages associated with the machine 2 are given by

V1o

(64)

2 1
Voqg = <ﬁ + %> (V40 — Uno) (65)
1
Vog = (250 — V40 — Vno) (66)

Sl

B. PWM Strategy

From (54)-(59) it can be writen for the reference pole
voltages

* _ I *
Vg = Vg T+ Up
* _ 1% *
Uyg = Uyt Upg
* o 1% *
UBO = Uic + UnO
* _ * *
Vyo = V24 + Uno
* * *
Vs —Uge + Upg
where v/* = v 4+ o* ot = o, + Lor o =
la — la V3 1o "1b T 1b V3 lo> Yle ™

vl + %v{o; with v}, obtained from the homopolar model
[see (64)].

The voltage v}, is obtained using the same approach
employed for Configuration YD-P. The expression (34) is still

. . _ 1E3 IE3 Ix * *
valid with V' = {Ula’ V1ps V1es V2q _UQC}'

VI. CONTROL STRATEGY

The control block diagram of the Configurations YD-P and
DD-P are shown in Fig. 3(a) with the switch k connected
to point 1 (k — 1). The control block diagram of the
Configuration YD-S is shown in Fig. 3(a) with the switch &
connected to point 2 (kK — 2). The Control of Machine blocks
shown Fig. 3(a) can be implemented by controlling the dq
currents (as in field-oriented strategy), the dg magnetic flux
(as in direct torque strategy) or the the dq voltages (as in the
volts-per-hertz strategy). The dc-link voltage is obtained from
a utility grid through a rectifier circuit. In application where
the utility grid is not available, as in automotive and ships
applications, the dc-link voltage can be imposed by a dc-dc
converter connected to a battery.

In this paper, a standard IFOC (Indirect Field Oriented
Control) strategy has been considered for the three-phase
machines, as observed in Fig. 3(c).

Indirect Field Oriented Control

For the indirect field oriented control, the three-phase ma-
chine control block [see Fig. 3(b)] the dq reference currents
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Fig. 3. a) Control block diagram of the systems: YD-P and DD-P with
k — 1; YD-S with k — 2. b) Three-phase machine control.

can be given by

. l, TF
i, = f—’“cos (52) = pi s (@) 67
ity = %Sln((se)—le?COS(ée) (68)
t l i*
5F = / <ﬂ 5§+wr> dt (69)
’ 0 Tr ¢r

where T*, is the reference torque and ¢* = ¢re’e is the
reference rotor flux vector. In the Fig. 3(b) esq and e, are the
dq components of FEM, it is considered as perturbation for
the control system.

VII. DC-LINK VOLTAGE COMPARISON

Given the model for the proposed configurations, the follow-
ing equations can be written to compute the minimum required
value of the dc-link voltage:

Configuration YD-P

E = |v,;—vig] j,k=a,bcand j#k (70)
E = |v; —vie+va| j=aband k=a,bc (71)
E = |va| k=a,b,c (72)
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E |vij +vor| j=0b,cand k =aq,c (73)

E = |vig| k=ua,b,c (74)

E = vl k=a,b,c (75)
Configuration YD-S

E = |v;—vik] j,k=abcandj#k (76)

E |v1; +vok| j=a,b,cand k=a,c  (77)

E = vyl (78)

The proposed configurations present dc-link voltages lower
than that configurations showed in Fig. 1, due to the A-
connected arrangement. This is confirmed by Fig. 4, which
shows the dc-link voltage demanded by configurations showed
in Figs. 1 and 2. Notice that, even considering different voltage
rated for machines 1 and 2, the proposed configurations
presents lower dc-link voltage. In this figure V,, is the rated
voltage.
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Fig. 4. Dc-link voltage demanded for each configuration considering different
voltage for both machines. (a) V1 = 0.5V, and Vo = V,,. (b) V1 = Vo =
V.

VIII. CONVERTER CURRENT COMPARISON

Table I shows the RMS current of the power switches for
each configuration studied in this paper. In this table /; and
I; means RMS phase current flowing through the machines 1
and 2, respectively. Notice that the currents in the switches of
configuration with at least one machine in a delta connection
are higher than that with wye connection.

10 T
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Fig. 5. Simulation results of currents of machine 1 (top) and machine 2
(bottom). (a) Phase currents of machines of Configuration YD-P. (b) Phase
currents of machines of Configuration DD-P. (c) dg currents of machines of
Configuration YD-S.

TABLE I
MACHINES PAREMETERS.

Configuration | q1/q2 q3 94/95
YY-P I I + 1> I
YY-S L+ L+ Iy
YD-P I I +V3L | V312
DD-P NG V3(I1 +1I2) | V312
YD-S L+ L+ V31,
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Fig. 6. Experimental results. (a) Line-to-line voltages of Machine #1 and
Machine #2 for Configuration YD-P. (b) Line-to-line voltages of Machine #1
and Machine #2 for Configuration DD-P.

TABLE I
MACHINES PAREMETERS.

Parameter Machine #1 and #2
Rs 8.792
Ls 0.02694H
R, 1.9592
Ly 0.02694H
L, 0.4849H

N of poles 4
Moment 0.00328
of Inertia

IX. SIMULATION RESULTS

In the simulation tests the switching frequency was 10k H z
and the machines parameters are presented in Table II.

Figs. 5(a)-(c) show the behavior of currents of both ma-
chines when them have been submitted to a transient in the
amplitude and frequency of the reference current. Figs. 5(a)-
(c) are related to Configurations YD-P, DD-P and YD-S,
respectively. The reference current of Machine #2 is changed
in a step-down transient from 6.24 and 20Hz to 3.14 and
10Hz at t = 0.2s. As observed in the Fig. 5 even with a
hard transient the control strategy guarantees both machines
uncoupled.

X. EXPERIMENTAL RESULTS

The topologies presented in Fig. 2 have been implemented
in the laboratory. In the experimental tests the switching
frequency was 10kHz and the capacitance of the dc-link
capacitor was 2200uF'. The dc-link voltage was obtained
through the rectifier using a three-phase grid as primary energy
of source. The set-up used in the experimental tests is based
on a microcomputer (PC-Pentium) equipped with appropriate
plug-in boards and sensors.

Fig. 6(a) shows the line-to-line voltages of Machine #I
(V14b = V14 — v1p) and Machine #2 (vy,) for Configuration
YD-P operating at 30Hz and 15Hz, respectively. Fig. 6(b)
shows the line-to-line voltages of Machine #1 (vi,) and
Machine #2 (vy,) for Configuration DD-P operating also at
30Hz and 15Hz, respectively. Notice that these waveforms
were obtained using a low frequency filter.

XI. CONCLUSION

This paper proposes three configurations for supplying two
three-phase ac motors with five legs. The five-leg inverter sup-
plying independently two motors has been used as a potential
solution for driving a traction motor and a compressor motor in
automotive applications. Such five-leg inverter allows a reduc-
tion in the compressor drive cost. Overall comparison of the
configurations favors the proposed configuration compared to
the configurations found in the technical literature, especially
in terms of dc-link voltage reduction.
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