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Dual AC-Drive System With a Reduced Switch Count

Enrique Ledezma, Brendan McGrath, Alfredo Mufidember, IEEEand Thomas A. LippFellow, IEEE

Abstract—A dual current-regulated pulsewidth-modulated by instantaneously controlling the time shift between the two
voltage-source inverter based on multiple two-phase PWM yoltage pulses during the pulse period.

inverters, also called a B4 topology, requiring a dual ac-drive A three-phase-to-three-phase voltage-source inverter-pulse-
system with reduced switch count is proposed. The drive utilizesa . . .
total of only eight switches to produce two sets of three-phase or Wldth—quulated (VSI-PWM) rgctlfler—ln\/_erter scheme with
two-phase sinusoidal output currents that can be employed to feed €ight switches was proposed in [4]. This topology had the
three-phase or two-phase induction motors. A suitable control capability of delivering sinusoidal input currents with unity
strategy of this new scheme is shown to minimize the single-phasepower factor and bidirectional power flow. The problem of

current flow through the dc-link capacitors, which is a common 546 flyctuation in the dc link, however, is a potential
problem in reduced-switch-count topologies. In order to verify the

performance of the motor drive system, an application on traction limitation fo_r this e'ght'_sw'tCh Strgcture. D_rawbacks of the
of an electric vehicle is carried out. Results show that the ac reduced-switch topologies also include increased voltage
current through the dc link can be minimized, and when utilizing  stress on both the power devices and the induction motor,
two-phase motors on the proposed dual drive, the reduced voltage jncreased switching losses due to a higher dc-link voltage, and
gain problem, also common in B4 topologies feeding three-phase gjng1e_phase circulating currents through the de-link capacitors
motors, can be solved. . . .
[5]. The problem of single-phase circulating currents through
Index Terms—AC drives, inverters, multiple drive units, re-  the dc-link capacitors was also addressed in [6]. A comparative
duced-switch converters. study of a reduced-switch drive structure was conducted and
applied to mobile robot motorization in [7]. However, the
|. INTRODUCTION problem of the single-phase currents was not addressed, which
is a common limitation of reduced-switch count topologies. In
. . . ddition, the existence of large dc-link voltage variations due
variable-frequency ac drives are presently being broa J, among other causes, the circulation of single-phase currents

applied. Tr_admonal ac drlve_s are _based on a three-phasetm—ough the dc-link capacitors was discussed in [8], although
verter that is used to feed an induction motor; thus, a total of SéX

. . . . . ! solution was not given.
switches is required. Reducing the number of active switches ISThis paper introduces a new dual ac-drive system that mini-

desirable in applications where low cost, improved reliability, . . 1he single-phase current flow through the dc-link capac-

ags Ir(]etss condl;]ct:gg l?S? a;r%iof |r|:np\>/ortbancr(le. Dnu de t(t) '(;S :ir;i drs, thus eliminating their voltage variation and extra losses.
advantages, a number of studies have been conducted u proposed drive system uses two four-switch inverters con-

a reduced-switch-count structure. For instance, a two-phase. .. hack to back which share a single split dc-link capac-

topology using a split dc-link capacitor requiring only fOurit r. The inverters are used to feed two induction motors that

swlét:hes wtas introduced in [é]' In [2]’.tTj sa?e |n\?arter, term% rate at the same fundamental frequency with a similar cur-
a INverter, was proposed as a viable alternalive CompageQ, e 1t is shown that when a two-phase motor is used, the

t? :Ee ﬁonventilonlal S'X'SWZC? convertelr. f‘ detalleccji anzlytf&/vitch utilization ratio of each four-switch inverter is the same
of the harmonic 10sses and torque puisations produce the conventional six-switch inverter configuration. The ben-

four-switch voltage-controlled topology was carried out b);(\ﬁts and constraints of utilizing three-phase induction motors

Van Derl Broeciet dalt. [2]. (3] 'I;h|st.analy5|sljhbowed tf:lat bc:jthare also addressed. To verify the performance of the dual drive
copper losses and torque pulsations could be greatly re ugﬁgtem, an application on traction of an electric vehicle is car-

ried out. A mathematical model of the proposed ac drive is de-
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Fig. 1. Reduced-switch-count ac dual drive.
rectifier (not shown for simplicity) supplies the pole-to-pole 0.1
dc-bus voltage. It is also assumed that the phase and may l

tude of the load currents can be independently adjusted and 1 igst ;
i i i ——— Coordinate

each inverter is operated under current contyol using hystere Tramsformation/ N

regulators. The load can be selected as either three-phas iy

two-phase induction machines that are fed from each invert———{ Calculation

If three-phase induction motors are utilized, assuming no ne

tral connection, only two of the three line currents need to | P —4;
Controller
regulated (sinusoidal) since the current through the third I|ne
2
the algebraic sum of the other two regulated currents. If the dri g
employs two-phase induction motors, the same current cont Transformation/
as described above can be utilized. In this case, two line curreias Angle
are regulated and are 90ut of phase while the third line is the
neutral connection and carries a current that#s< larger than T
the line current. 0,61

Itis clear that this configuration creates a single-phase ac cur-
rent flow through the capacitors. This result is due to the coRig. 2. Active calculation of the rotation angfe
nection of one machine line to the center point of the dc link.
However, by connecting a second two-phase inverter and motaust be 180 out of phase. This is accomplished by choosing
to the same dc bus, as shown in Fig. 1, it is possible to comire current references for inverter 1, as follows:
pensate for the single-phase current in the capacitors. This is
achieved by adjusting the relative phase angle of the currents in Gqs =gl COSbhp1 +ig) sinbrp (2)
the two inverters. To eliminate the single-phase current, the rel-
ative line currents in each inverter must simply be 180t of
phase. To develop actively this control strategy, a complex spagerei¢; is the torque command, arig; is the flux command
vector approach is utilized. in the synchronous reference frame. In the same fashion, the

current references for inverter 2 are chosen as

ips =g Sinb.p1 —igy cos Oy (3)

I1l. CONTROL STRATEGY

. . . i, =1 cosOpr0 +1 sin 6, 4
When a dual two-phase inverter feeds two-phase induction o ot rf2 T ot BEUr 2 “)
motors, the current througti; in Fig. 1 is given by L:S =igorot SIN O, p2 — tgoror COS O fo. (5)
Teapl = tnl + in2 + fcap2 (1) In(4) and (5)ig2r0r andigzro: are chosen such that
wherei,,; andi,.» are the neutral currents and,» is the current lgaror = lyp COS ¢ — igpsin (6)
throughC;. From (1), it can be noted thatif,; has the nega- - :i§§ sin ¢ + 055 cos ¢ @

tive value —iy2, thenic,p; will be equal toic,,e. Therefore,
the currents into the capacitor midpoint tap will total to zeravhereigs and:g; are the torque and flux commands for in-
As a consequence, the effective circulating current through thection machine 2. In (6) and (7), the anglds determined
dc-link capacitors will be ideally zero. as indicated in the block diagram of Fig. 2. Heig,1, 4.1,

In (1), to minimize the single-phase circulating current,,., andiys» are the inputs of measured stator currents in the
through the dc-link capacitors, the neutral curregptsandi,» stationary reference frame. The currents are transformed to the
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1 % TABLE |
SWITCH UTILIZATION RATIO AND VOLTAGE GAIN COMPARISON BETWEEN
SIX-SWITCH AND FOUR-SWITCH INVERTERS
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the PI-type controller in (10), it is utilized to generate the proper
Fig. 3. Rotation of the reference frame of motor 2dylegrees with respect Sets of reference currents in (4) and (5) for induction motor 2.
to the reference frame of motor 1.
o - IV. DUAL DRIVE PERFORMANCE

synchronous reference f.rame. by utilizing the flux rotor posmoR Switch Utilization
-1 in both transformations in order to have the currents re-
ferred to a common frame of reference. In order to compare the performance of this drive to that of the

After the transformations, new currents referred to the rotépnventional six-switch converter, the switch utilization ratio
flux frame of induction machine 1 are obtained. The positiof$UR) can be determined [11]. When the proposed dual ac drive
of the complex current vector for induction machinep1, and employs two-phase induction motors, the SUR is calculated as

induction Tac:inelz 24, a;e cr:l)lculated employing the current SUR Fvaow  2Voulos 016 a
components. An an ecome = = =0.
p gleg, P2 qVrilr  qVrlr
$1 =atan <‘q_1) (8) whereV, 4 andl,, are the rms inverter rated fundamental output
gy voltage and current at fundamental frequency for a four-switch
iy inverter. Similarly,Vr andi are the peak voltage and current
P2 =atan <%> (9) ratings of a switch. Table | shows the SUR and the §3if V¢,
d2

whereV,q is the fundamental phase voltage for the six-switch
Fig. 2 shows the active calculation process for the rotation angit@erter case. In Table |, it is assumed that the dc-link voltage is
¢. The error(¢; — ¢2) = A¢ is calculated and comparedfixed and each switch has the same ratings. It can be noted that
to 7 and further processed through a proportional-plus-integtake SUR and the fundamental phase voltage for the four-switch
(PN)-type controller. The actual angfeis found as inverter with two-phase induction motors are equal to the corre-
' sponding values of the conventional six-switch inverter, whereas
¢ = kpe(m — Ag) + kig / (r — Ag) dt. (10) therating is poorer for three-phase machines, as has been previ-
0 ously noted [2]. This means that the proposed dual four-switch
Angle ¢, when used in (6) and (7), has the property of rotatinigverter will exhibit the same range of voltage control and the
the complex current vectds, to be 180 out of phase with re- same relative inverter losses as in the conventional six-switch
spect to the complex current vecthr. This rotation process is inverter. Also, it is well known that a three-phase machine will
shown graphically in Fig. 3. exhibit higher output power density than a two-phase machine
In this figure, the new position of the complex current vectatue to a better utilization of the core and windings. These two
of induction machine 2/..;, is accomplished by rotating thealternatives offer important benefits and constraints, which are
complex vectot, by ¢ degrees. The reference frame of induddeing considered for the construction of a prototype.
tion machine 1 remains fixed because the rotor flux afigie ) ]
was selected as the reference. In Fig. 3, there are three diffefénfnduction Motor Drive Losses
reference systems; d;, which defines the position of induc- For low-speed drive applications, the major concern is the
tion machine 14ds, which defines the position of inductionwinding IR losses since the core losses are relatively low.
machine 2, andq.otdorot, Which defines the new position of Therefore, it is interesting to observe tfiéR losses in each
machine 2. Thus, it can be noted that, in this new position, theotor as the ratio of their currents change. Fig. 4(a) shows the
complex current vector andl, are 180 out of phase. This normalized/2R loss of motor 1 as its torque ratid = 73 /1%
is an important result becauselif and > have similar magni- and speed rati@; /w, are varied, provided that nominal condi-
tudes, which is possible during normal drive operation, the elirtions are sustained in the second machine. As the speed of induc-
ination of the single-phase current through the dc-link capatien motor 1 becomes lower than the speed of induction motor 2,
tors can be achieved according to (1). Ogicis calculated by the speed difference will drive up the losses in the motor drive.
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02 D. DC-Link Capacitor Sizing
7 Fig. 5 shows the dc-link capacitor losses as a function of the
) oe o® 084 086 098 1 speed ratiav; /w» and the load torque ratid = 77 /1> of the
Speed ratio: wy/ey proposed motor drive system. The bulkiness of the dc link will
(b) depend on the ability of the capacitors to absorb the ripple cur-

Fig.4. Motor drive loss. (a) Induction motorZ£ R loss as a function of speed rent, with a main spectral component at 60 Hz, as the speed and
and torque. (t‘))‘ Inverter output current ratio. In all cases, motor 2 is maintainggkque ratios are varied. For instance, for a suitable design, the
atrated conditions. dc link can be sized to dissipate a maximum of 25 W, as shown
in Fig. 5. This defines an operating zone from 1.0 to 0.5 torque
As is observed in Fig. 4(a), the efficiency of the ac drive imratio and from 1.0 to 0.9 speed ratio. To limit the system op-
proves as both machines work near the same speed. At zefation in this zone, two 3400F capacitors can be used. As a
speed difference, the performance of this drive will exhibit coriesult, each of the two capacitors will have the ability to tolerate
stant losses similar to conventional dual six-switch converters.maximum ripple current of 19% of the motor phase current, al-
Fig. 4(b) shows the output current ratio of inverter 1 over idowing amodest dc-link size. This can be compared to a bulky dc
verter 2. As the speed and torque decrease, the current in figk needed to manage 70%-100% ac circulating current (ripple
chine 1 will tend to be equal to the current in motor 2 due to tiearrent) of a four-switch inverter [2] without any control.
increase of the losses. If the current ratio is maintained close to
unity, .the ac cur.rent comppryer_ﬂ through the dc-link capacitors V. TRACTION ELECTRIC VEHICLE APPLICATION
will still be considerably minimized. Fig. 4 suggests, however,
that the dual motor drive must be operated within a safe speed™0r an electric vehicle traction application, three driving sit-
difference range in order to avoid high R machine losses. uations are of interest: 1) the straight-line regime, where both
Because both machines must operate at the same electricalfetors operate at the same speed; 2) the turning regime, where
quency, regardless of the mechanical speed, there will be a l@@ch machine operates at different speeds; and 3) wheel slip-
itation to the maximum mechanical speed difference. This linf¥@ge, where one of the induction motors experiences almost
is given by the breakdown slip in both machines. Due to the fa#€ro load torque. Fig. 5 illustrates the general block diagram for
that the majority of high-performance traction drives briefly rethe controls of the proposed drive system.
quire no more than a 10% speed difference, the proposed motor
drive will typically operate over a relatively safe range. A. Velocity Commands

In the block diagram of Fig. 6, it is assumed that the vehicle
total velocity ) is maintained constant during each maneuver.
The torque produced is developed by a throttle command. Each

As long as an appropriate current control is maintained iaduction motor of the proposed drive is utilized to drive one
low speed, the ac drive shown in Fig. 6 will exhibit a smootbf the wheels of the traction axle. The angular speed for each

C. Low-Speed Operation
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Fig. 6. General block diagram for the control of the proposed drive system using two-phase induction motors.

motor depends on the type of driving regime selected. For theen, the differential flux is added to the nominal flux of induc-
straight-line regime, the angular speeds for each motor becotio& motor 1. The flux expression for motor 1 becomes
Wpl = Wp2 = RL (12) 521 = ALZ* + Idnom (17)

For the turning regime, the angular speeds for each motor &f@erew“ andwe: are the frequencies of induction motors.

different and expressed as
! xP C. Speed Control of Motor Drive 2

Wl = — 2v _ (13) The speed control for induction motor 2 involves the gener-
R+ w ation of the torque command to maintain constant velocity. Its
14+ I/%/ R, expression in the synchronous reference frame is
R— —
i % 2 ng = _kp2(w:2 —wyp2) — k;f (Wra — wr2). (18)
Wro = — W (14)
R— — The flux command:$; is maintained constant at its nominal
1+ I/%/ R, value, 64 A. Both the flux and torque commands must be applied
R+ - with negative signs. This will accomplish an out-of-phase angle

of 18 between the respective stator currents of both inverters.
whereR,,, R, andW are the wheel radius, turn curve radiusThe strategy of eliminating the ac current through the dc-link
and axle length, respectively. Note that, from (13), the angule@pacitors is incorporated within the controls of induction motor
speed of induction motor 2 will be larger than the angular spedas seen in Fig. 6.

of induction motor 1.

VI. SIMULATION RESULTS

B. Speed Control of Motor Drive 1 The proposed drive system has been simulated assuming two

A PI controller to maintain constant speed generates thfntical two-phase induction motors operating at the same fun-

torque command for induction motor 1, as follows: damental frequency. In all simulations except the slippage con-
i dition, the induction motors operate under similar loads. The
L;{ = kp1 (Wi — wrr) + A(w;fl —wp1). (15) focus of this study is the analysis of the behavior of the dc-link
p

circulating current through the capacitors as the vehicle per-

A constraint in the operation of the drive is that both motof@'mS basic maneuvers. Therefore, for simplicity, the necessary
must operate at the same frequency in order to minimize thetQEdue to accelerate the vehicle and the torque to overcome the

currentin the dc-link capacitors. Therefore, the required amoJHf"_d load are modeled by a step torque.. Three basic driying sit-
of flux Ai¢* is determined by uations are simulated: straight line, turning, and wheel slippage.

Primarily, the proposed drive system is simulated without con-
trol. Then control is applied to minimize the dc-link capacitor

AQG = kpp(wer — wea) + #(wel —we). (16)  Cyrrents.
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Fig. 7. Operation of the proposed drive system without control.

A. Operation of the Proposed Drive Without Capacitor
Current Control

Cutrent (A)
100

Fig. 7 shows the current and voltage through dc-link capac-
itor 1 when the system is operating without any control. The ] ] ]
circulation of single-phase currents is clearly seen. This curren ‘a.0 0.4 0.8 1.2 1.8 z.0
rises as high as the current of phas@ 14 Apeak). In addition, Time (sec)
ggesteoe;hlfs]IE?)L%(IQ’]iaé%aé_%fgrcluzg%n\t;pl)zgki V_?:Z‘%ng:g?g&ﬂi ;I?icg_ 9. Straight-line regime. Motor neutral currents 1&it of phase.
duced in capacitor 2. Without utilizing any control method to

i
reduce the voltage and current variations, the size of the dc-link
capacitors would increase. Due to the increase in loss and larger &
capacitors, this would have a direct impact in the weight and 5 & T mntae MUV SRR vyl VP ~
cost of the drive. Therefore, the single-phase current flow inthe &
dc link must be eliminated or minimized for a practical applica- 2 #
tion of the drive. ;‘

B. Straight-Line Regime

During straight-line driving operation, each inductor motor
operates with identical speeds as given by (12). Fig. 8 illustrates
the current through capacitor 1. The simulation is carried out
with a load of 82 Nm on each induction motor and a total ve-
hicle velocity of 10 mi/h. It can be seen that the current and
voltage variations of the capacitor have been fully eliminateglig- 10. Capacitor voltage and current of the proposed drive system under

. .. ifferent speeds and same load torque (e.g., 2N
According to (1), to eliminate the currents through the dc ca-
pacitors,i,,; andi,» must total to zero. In addition, these cur- ) )
rents must have similar magnitudes. Fig. 9 exhibits the neutfal Turning Regime
currents of the induction motors. It can be seen that the cur-lt is clear that the speeds of the motors are different for the
renti,; increases its phase until it becomes 180t of phase turning condition. Given the total speed of the vehicle, the
with respect to theé,,» current. This rotation is actively accom-angular velocities of the motors are determined by (13) and
plished by feeding the angle given by (10) into the general blo¢k4). The proposed drive is capable of operating at different
diagram of Fig. 6. Because an electric vehicle will perform prepeeds and eliminating the single-phase current flow, as shown
marily in the straight-line regime, in which there is completen Fig. 10. For this case, each induction motor operates with
elimination of the ac current through the dc-link capacitors, ththe same load torque (rated torque), and due to the restriction
proposed drive system is attractive for electric vehicle applicaf equal frequency, motors must operate with different slip
tions. speed. The turning regime simulations demonstrate that when
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]
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=200
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Fig. 11. Capacitor current and phaseanda currents during wheel slippage Fig. 12. Three phase currents of one of the two 3-hp induction machines.

(simulation).

both motor drives are operated approximately with the san 2
current level, the problem of single-phase circulating currel ov
through the dc link and voltage fluctuations can still be elim , .,
inated. It was found that aside from the difference in phas
the corresponding neutral currents remain nearly the sar
for this operation condition. This represents a reduction «
approximately 91% of the current through the capacitors.

D. Wheel Slippage

One special operational condition for the drive is when one «
the wheels has full traction and the other has lost almost all tre
tion capability. This operational condition, though a rare drivin Ao S i) SR RPN S
situation, is important to analyze in order to determine the lin  ga i
itations of the drive. The simulation of wheel slippage is ac
complished by applying 30 % on motor 1 and 82 hin on
motor 2. During the slippage condition, it is assumed that the
vehicle is tum'_ng Wl_th a vae radius of 4.8 m ata CO”StaEF .13.  Experimental results for two induction motors connected as in Fig. 1
speed of 10 mi/h. Fig. 11 illustrates the capacitor current aggli operating at no load. Top trace: dc-link voltage ripple; middle traces:
voltage during the slippage operation. The currents of plasdwo phase currents of the two motors which are connected to the dc voltage
and phaseL are also ShOWI’l.. Due to the different load torque, L Igarl]ceirot:;l,; bottom trace: sum of the two currents (ac current in the dc-link
was found that the current in phasé&ecomes 30 A larger than
the current of phase for this load. As a result, the difference
between currents will flow through the dc link, which reprewhich occurs result from the fact that the current regulation was
sents approximately 25% of the current of one phase. Thus, fif& employed.
voltage oscillations are approximately 50% of the actual valueFig. 13 shows traces of the current of the motor phases which
without control. Although the elimination of the circulating cur-are connected to the capacitor midpoint. When the motor is un-
rent through the dc capacitor is not complete, 75% of the cugaded, each motor operates at zero slip. Hence, the identical
rent can still be eliminated. This driving situation also woul®//Hz can be applied and the two motor phase currents con-

be a worst case scenario for the operation of the proposed digsted to the dc-link midpoint remain equal and opposite.
system. In Fig. 14, the same traces are shown for the case where loads

of the two machines are different. It can be noted that the re-
sulting unbalanced currents in the phase currents of the two mo-
tors result in a large ripple current in the link capacitors and a

The reduced-switch concept has also been implementedconsequent dc voltage link ripple. In Fig. 15, the same load con-
hardware. Two identical 3-hp 230-V four-pole induction madition is shown, but in this case with different VV/Hz on the two
chines were used, connected as in Fig. 1. Experimental tracsstors adjusted so that while the rotor speeds differ, the stator
of the three currents of one of the two induction machines collequencies are the same. In this case, the link capacitor current
nected as proposed are shown in Fig. 12. The slight distortiand ripple voltage are greatly reduced.

-2A

oms ioms 20ms 30ms 40ms 50ms

VII. EXPERIMENTAL RESULTS
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Fig. 14. Experimental results for two induction motors connected as in Fig. 1
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Vde
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B

and operating at different loads with identical applied V/Hz. Top trace: dc-linkig. 16. Multimotor drive configuration.

voltage ripple; middle traces: two phase currents of the two motors which are
connected to the dc voltage link neutral; bottom trace: sum of the two currents
(ac current in the dc-link capacitor). rent

through the dc-link capacitors, a reduced switch count, and

a sharing of dc-link capacitors.

28v

IX. CONCLUSIONS

A dual motor drive system based on multiple two-phase
PWM inverters has been proposed. The system is capable
of eliminating the single-phase circulation current through
the dc-link capacitors by controlling the phase angle of the
commanded currents to each inverter. The elimination of the
circulating current through the capacitors reduces the overall
losses, eliminates dc voltage variations and has relevant impact
in reducing the cost and weight of the drive. The selection of
two-phase induction motors for this drive solves the reduced

10ms 20ms 30ms 40ms 50ms

voltage gain problem common in four-switch topologies
utilizing three-phase motors. This allows the dual four-switch
inverter to have the same switch utilization as the conventional
dual six-switch inverter. A multidrive application for industrial
automation has been proposed and a control model for vehicle

traction application has been developed and simulated, demon-

Fig. 15. Experimental results for two induction motors connected as in FigS}
and operating under different loads with VV/Hz adjusted to minimize link current
ripple. Top trace: dc-ink voltage ripple; middle traces: two phase currents of i
two motors which are connected to the dc voltage link neutral; bottom trace:
sum of the two currents (ac current in the dc-link capacitor).

VIIl. M ULTIMOTOR DRIVE APPLICATION

In addition to traction vehicle application, the proposed drive
can be utilized in industrial automation where multimachines
are required to work at the same electric frequency and different
speeds to control a process. Fig. 16 shows a multidrive with four
identical two-phase motor drives sharing the same dc-link ca-
pacitors. The motor neutrals are connected to the center point
of the capacitors. In normal conditions, this multidrive would "
operate with 24 switches. By using the proposed four-switch
topology, only 16 switches are necessary. The multi-inverter
will also exhibit the same advantages of the dual drive analyzed?!
before: the same voltage gain and switch utilization ratio as the
conventional six-switch structure, minimization of the ac cur-

rating that the proposed drive system is a suitable alternative
conventional six-switch inverter drives.

APPENDIX
MACHINE PARAMETERS

20 hp, 25, 127 V, four poles
30 hp, 3, 220 V, four poles
L,, =0.007 H, L, =0.0072 H
L, =0.0072 H

r, = 0.050 Q, r. = 0.081 €.
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