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Abstract—This paper presents two series-connected motor
drive system topologies. These configurations have been designed
for applications in which it is necessary to control two motors
independently by using a standard three-leg inverter. The systems
will be called in this work as a monolithic systems, since both
machines and the three legs inverter have been considered as the
same product. The monolithic systems are seen as a potentially
viable industrial solution for applications requiring one high-
power (three-phase machine) and one low-power machine (single-
phase machine). Furthermore, the paper presents: i) relevant
characteristics of the systems, ii) pulse-width modulation tech-
niques; iii) control strategies; iv) voltage and current analysis;
v) unconventional induction machine design to improve the
performance of the monolithic system; and vi) simulated and
experimental results.

I. INTRODUCTION

In recent years a tendency of integrating the motor and its
frequency converter into a single unit could be observed in a
large number of papers [1], [2], [3]. The integration is done
to reduce electromagnetic emissions, reduce installation size
and commissioning costs, etc.

Another alternative for reducing the installation costs is
the use of converter topologies with a minimized number of
components. Then, the study of this kind of topologies is
an important topic in power electronics since it may provide
alternative solutions to reduce the cost of energy conversion
process while preserving power quality [4], [5], [6].

In some cases, the components reduction is obtained by
connecting in parallel two elements, chosen among grid, loads
or machines [7]. In other cases, it is obtained by connecting
grid and machines in series [8], or machines in series [9].

On the other hand, the standard three-leg converter rep-
resents the most common commercial inverter manufactured,
since it is conceived for feeding a three-phase machine in a
standard ac motor drive system. Therefore, there exist some
applications that employ commercial three-leg inverters with
two functions. For example, fed a three-phase machine and
obtain a power factor correction [4], [10].

The paper presents two series-connected motor drive system
topologies designed for applications in which it is necessary
to control two motors independently by using a standard
three-leg inverter. These systems will be called in this work
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as a monolithic systems. The monolithic systems are seen
as a potentially viable industrial solution for applications
requiring one high-power (three-phase machine) and one low-
power machine (single-phase machine). An example where
such configurations can be useful is for feeding traction and
compression machines in automotive applications [1]. Two
proposed solutions employs standard three-leg converters and
thus have less power devices than the direct solution in which
the number of the switches is proportional to number of the
machines. The configurations that will be examined are shown
in Fig. 1.

Additionally, the paper presents: i) relevant characteristics of
the converters, ii) pulse-width modulation techniques; iii) con-
trol strategies; iv) voltage and current analysis; v) unconven-
tional induction machine design to improve the performance
of the monolithic system; and vi) simulated and experimental
results.

II. MOTOR DRIVE SYSTEMS

Both configurations comprise six switches, a dc-link ca-
pacitor bank with mid-point connection and two inductions
motors (three-phase and single-phase motors). The converter
is composed by switches q1, Gy, 2, G5, g3 and qs.

A. Three-phase motor model

A typical three-phase machine 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

] d
Vsdg = Tslsdg + %(ﬁsdq (1)
. d ‘
Vrdg = Trlpdg + a(brdq - ]wr¢rdq (2)
¢qu = lsisdq + lsrirdq (3)
¢7‘dq = lsrisdq + lrirdq 4)
. d .
Vso = Tslsot lls %Zso (5)
. d .
Uro = Trlro + er %ZTO (6)
Te = Plsr (isqird - Z.sdirq) (7)
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Fig. 1.  Monolithic systems - standard inverter supplying independently
two motors in a series connected scheme: (a) Configuration A and (b)
Configuration B.

where Vgqq = Vsq + JjUsqs dsdqg = %sa + Jisq, and qbsdq =
¢sa + josq are the voltage, current and flux dq vectors of
the stator, respectively; vs, and 75, are the homopolar voltage
and current of the stator, respectively (the equivalent rotor
variables are obtained by replacing the subscript s by 7); T,
is the electromagnetic torque; w, is the angular frequency of
the rotor; ry and r, are the stator and rotor resistances; I, {;5,
l, and [, are the self and leakage inductance of the stator and
rotor, respectively; [, 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 123 variables by using the transformation
given by

Ws123 = Aswsdqo (8)

: T T
with w93 = [wsl Ws2 wsS] » Wsdgo = [wsd Wsq wso] and

A:g_lﬁﬁ
8 3 2 2 2
1 3 2
2 2 2

Vectors w123 and W44, can be voltage or current or flux
vectors and A1 = AT,

B. Single-phase motor model

A permanent-capacitor single-phase motor has a capaci-
tor series connected with the auxiliary winding in order to
generate the rotating magnetic field. Choice of the capacitor
value is made to achieve minimum electromagnetic torque
oscillation at rated speed. Despite of be designed to operate
under constant frequency it can be shown that there exist a
frequency range in which it is possible to vary its speed [11].

III. CONFIGURATION A
A. Model

The first configuration proposed in this work is shown in Fig
1(a). In this topology the single-phase machine is connected
to dc-link midpoint. The machine voltages are given by

Vs1 = V10t U 9

Vg2 = 20+ (10)

Vg3 = V30t U (11)
1

uo o= 3 (\@Uso — V10 — V20 — U30> . (12)

From (9)-(11) and (8), the dgo voltages of the three-phase
machine are obtained as follows

B \/5 1 1 a3)
Usd = 3 V10 27)20 2U3O
1
Veqg = 7 (v20 — v30) (14)
1
Vgo = % (U10 + V9o + V30 + 3’Ul) . (15)

Assuming that is; (¢ = 1 to 3) are phase currents of the
three-phase machine, i5q4; (i = 1 to 3) are parts of the phase
currents only associated to dq currents [given by (8) with
1so = 0, 1., Z'soiql = \/%Z‘sd» 7;sdq2 = - 1/6st+ \/misq
and igqq3 = —Misd — \/1/722‘&1] and i,, are the o
reference current (associated to the single-phase current ¢;),
the following relation can be defined

isl = Z.sdql + Z.so (16)
isQ = Z.sdq2 + Z.so (17)
1s3 = Z‘squ + iso- (18)
Since i5, = % (isl +ig2 + isB) and 4 = —ig1 — 52 — %43,
the current 75, is given by
)
_ (19)

7;so - .

V3

In (13)-(15) only variable o depend on v;. Introducing new
voltage variable o (only depending on pole voltages), that is,
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Fig. 2. Equivalent circuits. Configuration A (a) and (b). Configuration B (a)
and (c).

, 3
Vgo = Y Ujo, and considering (15), the o model given by (5)
j=1
become
vy, = —rsiy — ls—i; — 3v;. (20)

dt

Considering (1)-(4) and (20), the model diagram for the
dq and o variables can be defined as depicted in Fig. 2(a) and
Fig. 2(b), respectively. Note that, only variable o depend on v;
(single-phase machine voltage), the dg model being decoupled
from the o model.

B. PWM Control

The pulse-width modulation can be determined directly
from system voltages referred to the mid-point of the dc-link
(pole voltages), which has been defined from the desired ref-
erence machines phase voltages. The reference pole voltages
is expressed by

vig = v —vf (21)
Vyy = Vs — U (22)
Vg = Uhg — 0. (23)

Once the pole voltage v, to v3, have been determine,
the pulse-widths (71, 7o and 73) are calculated by using pro-
grammable timers or by comparing the modulation reference
signal v}, to v3, by a high frequency triangular carrier signal.

IV. CONFIGURATION B

A. Model

The second configuration proposed in this work is shown in
Fig 1(b). In this topology the three-phase machine is connected
to dc-link midpoint. The machine voltages are given by

Us1 = Vip — V30 + U 24

Vgg = V20 — U30 + (25)

Vg3 = —V30+ U (26)
1 1 1

U = —3V10 — $U20 + V30 + —=Vso- 27

3 3 V3

From (24)-(26) and (8), the dgo voltages of the three-phase
machine are obtained as follows

2 1
Veg = 3 <Ulo - 2’020) (28)
1
Usq = EUQO (29)
1 1
vso = V3 <Uz + 3010 + 3v20 ~ U30> . (30)

As observed in Configuration A, only variable o depend
on v;. Introducing new voltage variable 0 (only depending
on pole voltages), that is, v;o = %vlo + %vgo — w30, and
considering (30), the o model given by (5) become

’

d
v, = —rgi; — lis—1; — 3v;. 31

So dt
Considering (1)-(4) and (31), the model diagram for the dg
and o variables can be defined as depicted in Fig. 2(a) and Fig.
2(c), respectively. Only variable o depend on v; (single-phase
machine voltage), the dg model being decoupled from the o
model.
Considering (16)-(18) are still valid for Configuration B.

B. PWM Control

: * * * *
Given the reference voltages v, v}, v5, and v}, then the
reference pole voltages can be expressed as

Vg = Uy — Vg (32)
Vg = gy — Ugg (33)
vy = U — Vg 34

The pulse-widths (71, 7 and 73) are calculated by using pro-
grammable timers or by comparing the modulation reference
signal v, to v3, by a high frequency triangular carrier signal.

V. CONTROL STRATEGY

The control block diagram of the systems are shown in Fig.
3. In this figure IM 1 represents the three-phase machine, while
IM 2 represents the single-phase machine. The dg currents
of the three-phase machine are controlled directly by the dg
voltages (vg,,) by using the controller Rq4q; and v; is controlled
with the Volts/Hertz strategy. Block R4, implements the dg
currents control. When the torque control is accomplished by
control of dq voltages, the diagrams in Fig. 3 can be directly
adapted. In this case, the torque controller outputs are the

voltages v;‘dq (the controller R4, is eliminated).

VI. CURRENT CONTROLLER

When the current is sinusoidal, a standard PI stationary
controller does not guarantee zero sinusoidal steady-state error.
Instead, the utilization of a double sequence synchronous
controller for single-phase or three-phase systems, as discussed
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Fig. 3. Control block diagram of the monolithic systems.
in [12], overcomes such difficulty. The simplified controller and
has the following c;ntmuous-tlme control law v 2 |01 — g (47)
;Cta = xp + 2ki€sm (35) vy = 2ug —ves| j=1,2. (48)
dry s (36) The voltage limits have been determined by considering that
. era all voltages are purely sinusoidal. Fig. 4 shows v. = f (V)
Vi, = Za+ kpEom. (37)  with V; = V,,, where V;, V; and V,, is the phase voltage of

*

In these equations, &, = %, —%sm 1S the current error (m = d
or m = q) for the d or g current, respectively; x, and z; are
state-variables of the controller; v}, , is the reference voltages;
we 1is the current reference frequency (w. = ws, i.e., stator
frequency, for dq 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 error in the frequency
We.
The discrete-time version of controller is given by

xq (k) = cos(weh)z, (k—1) (38)
—1—% sin (weh) zp (K — 1) (39)

e

—|—2I€iwi sin (weh) Esm (K — 1) (40)

xp (k) = —wesin(weh)z, (k—1) 41)
+ cos (weh) xp (K — 1) (42)
+2k; [cos (weh) — 1] Esm (K —1)  (43)

Vi (k) = @q (k) + Ekp&em (K) 44)

where h is the sampling period.
VII. VOLTAGE ANALYSIS

Given the model for the proposed configurations, the fol-
lowing equations can be written to compute the minimum
required value of the dc-link voltage for Configuration A and
Configuration B, respectively:

lvs; —vsk| J,k=1,2,3and j#k (45
= 2|y —vs] j=1,2,3 (46)

v,

Q% O %

v,

three-phase motor, voltage of single-phase motor and rated
voltage, respectively. It can be noted that in terms of the dc-
link voltage, for Vs < 1.35V; Configuration A requires the
same voltage as required for Configuration B, while for V, >
1.35V; Configuration A requires a voltage smaller than that of
Configurations B.

12

11r , B
-- Conf. A .
10+ --- Conf.B : et ;

v/V

Fig. 4. Dc-link voltage for Configuration A and B with fixed V; (voltage
of single-phase motor) and variable V5 (voltage of three-phase motor).

VIII. CAPACITOR CURRENT ANALYSIS

The capacitor currents are important issues for the proposed
configurations due to the dc-link mid-point connection. Ne-
glecting the harmonics related to switching frequency, these
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TABLE I
NUMBER OF LEGS REDESIGNED AND THE PERCENTAGE OF THEIR
CURRENTS INCREASED.

Condition I | Condition II | Condition IIT
Conf. A | 3leg- 8% | 3leg- 3% | 3leg- 2%
Conf. B | 2leg- 8% | 21leg- 3% | 21leg- 2%

currents for Configuration A and for Configuration B can be
expressed by:

. 7

i = 51 (49)

iy = —%l (50)
and

i = 73 (51)

iy = —%3. (52)

Admitting that 7; is smaller than 75, since the power of the
three-phase motor is considered higher than that of power of
single-phase motor. Then, in terms of capacitor current the
Configuration A is more interesting than Configuration B.

IX. CURRENT OF THE SWITCHES

As observed in (16)-(18) the legs of the proposed config-
urations need be redesign, due to the presence of the single-
phase motor current (extra current - i;). For Configuration A
three legs need be redesigned for larger currents, if compared
with conventional three-leg inverter motor drive system. For
Configuration B just two legs need be redesigned for larger
currents.

In this section three different conditions will be consid-
ered: Condition I: Single-phase machine power is 25% of
the three-phase machine power (P14 = 0.25F34); Condition
II: Single-phase machine power is 10% of the three-phase
machine power (P4 = 0.1PF34); Condition III: Single-phase
machine power is 5% of the three-phase machine power
(P1g = 0.05P34; and it will be considered that both machines
have the same rated voltage.

Table I shows the number of redesigned legs and the
percentage of their currents increased due to presence of the
single-phase current, considering Conditions I, II and III. For
example, considering Configuration A (see Table I - Condition
I), it means that three legs need be designed for larger currents
(8% 1larger), if compareted with conventional configuration
(three-leg inverter supplying a single three-phase motor).

X. DESIGN OF THE THREE-PHASE MACHINE

The extra current term (i5,) in (16)-(18) will be responsible
for extra losses in the three-phase machine due to series
connection scheme. The aim of this section is to present the
ways to make the extra current (i,,) less important in terms
of system losses and to improve the three-phase machine
performance.

In the monolithic systems (see Fig. 1), the induction ma-
chines are supplied by a voltage source inverter. Then, with the

N—O&.

w

=

w

A Y

(a)

Iron b,

Bridge -~ U I d,

— = T

(d)

Fig. 5. Rotor slots for induction machines. Conventional design (top). Design
for inverter supply (bottom).

inverter as the power supply, the operational conditions of an
induction machine are much different from the conventional
supply with fixed voltage and frequency [13], which implies
that the design of induction machines should be reconsidered
to make them more suitable for the inverter-driven variable
speed systems. The new design strategies of an induction
machine proposed in [13] can be used in the monolithic
systems, which make full use of the benefits from the inverter.
In a conventional design for commercial power lines, the basic
considerations are: 1) to satisfy the required start-up charac-
teristics; 2) to provide appropriate steady state characteristics,
emphasizing efficiency and power factor; and 3) to permit
easy and economic manufacturing. Items 1), 2) and 3) are
generally assigned with weightings of 50%, 30% and 20%,
respectively [13]. The conventional design strategy implies
that in a standard induction machine design, the primary
concern is the start-up characteristics, which include limiting
inrush current, generating as much as possible starting torque,
and ensuring a high starting efficiency. To meet the start-up
requirements, the design strategy is searching for means to
maximize the skin effect and to increase the rotor resistance
during starting.

However, in designing an induction machine supplied by
a voltage source inverter, the strategies are very different.
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Weighting assignments to Items 1) through 3) can be entirely
changed because the two benefits are gained from the inverter
supply, i.e. a) the start-up characteristics with a fixed frequency
can be completely ignored; and b) the most favorable slip
frequency can be selected to maximize efficiency. Removing
the weighting of Item 1) implies that restrictions imposed by
rotor slot shape can also be lifted. The design with inverter
driven condition allows the stator and rotor slot numbers,
shapes, and size to be optimized exclusively for minimizing
the leakage inductance and resistance. The advantages associ-
ated with the reduced rotor leakage inductance and resistance,
such as increased peak torque, improved efficiency and power
factor, can be expected.

Particularly, for the monolithic system, the reduction of
rotor leakage inductance and resistance (r; and [;; — see Fig.
2) implies in reduction of losses of the system, as observed in
Fig. 2(b) for Configuration A and in Fig. 2(c) for Configuration
B.

Additionally, the reduction harmonic winding losses of the
rotor is obtained with the change of rotor geometry. Fig. 5(a)
shows the induction machine rotor slots conventional design,
while Fig. 5(b) special design for the monolithic system. In
this case, has been observed a iron bridge at the top of the
slot. The thickness of the bridge at the top of the slot is one
of the design parameters which determines the magnitude of
the leakage flux in the lower part of the slot opening.

XI. EXPERIMENTAL RESULTS

The topologies presented in Fig. 1 have been implemented
in the laboratory. In the experimental tests the switching
frequency was 10kHz and the capacitance of the dc-link
capacitor was 2200pF". The set-up used in the experimental
tests is based on a microcomputer (PC-Pentium) equipped
with appropriate plug-in boards and sensors. A three-phase
induction machine (squirrel cage) and a start-capacitor single-
phase induction machine was used in this work. Table II shows
the ratings of the machines.

Fig. 6 shows the three-phase currents (i, and i,2) operating
at 10H z. In spite of the three-phase machine currents present

Agilent Technologies

Taazdiv

b
50ms/div

PRINT_13

Factors

Fig. 6. Experimental results of Configuration A: three-phase currents (is1,
is2) operating at 10H z.
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0 0.05

0.1 0.15
t(s)

0.2 0.25

0.3

Fig. 7. Experimental results of Configuration B: (a) dq currents of the
three-phase machine (10H z) and (b) single-phase machine current (60H z).

TABLE I

RATINGS OF THE MACHINES.

Three-phase Motor | Single-phase Motor
Power 1HP 1/2HP
Voltage 380V 110V
Current 1.75A 6.5A
cos(¢) 0.82 0.87
Capacitor — 40puF — 250V
speed 1720 rpm 1610 rpm

distortions, as expected, its dq currents are perfectly balanced,
as shown in Fig. 7.

Similar results has been obtained with Configuration B,
and in the same way the three-phase machine currents present
distortions due to the presence of the single-phase current, but
dq current are balanced.

As expected the feasibility of the independent control for
both machines was demonstrated.

XII. CONCLUSION

This paper has presented two reduced switch count ac
drive systems, in which a standard three leg inverter has been
used to supply two machines independently. All the proposed
topologies employs a single standard three-leg inverter.

Configuration A is the best choice when the capacitor
current and capacitor voltage is a critical factor, while Con-
figuration B is more indicated when the redesign of the legs
is the critical factor.

Their operating principles were presented and it has been
shown that their overall performance are adequate. The ex-
perimental results have demonstrated the feasibility of the
proposed topologies.
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