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Abstract - This paper proposes a vector control strategy for
independent control of two permanent magnet synchronous
motors (PMSMs) using a single four-leg inverter (4LI1). An
expanded two-arm modulation to obtain balanced three-phase
output voltage is described. The paper also proposes a method
to compensate the fluctuations in neutral point voltage of
two-split capacitors in the dc link. The experimental results
show that independent speed and position control of two PMSMs
can be achieved using a single four leg inverter with the
proposed vector control method.

Index terms- four-leg inverter (4L1); permanent magnet
synchronous motor (PMSM); two-arm modulation; neutral point
potential compensation

[. INTRODUCTION

To reduce the number of switching devices and also the
volume, a V-connection inverter with two legs has been
proposed in the literature [1, 2, 4-7]. V-connection inverter
needs two capacitors to divide phase voltage of one inverter
into two portions. A single inverter can drive only one
three-phase permanent magnet synchronous motor (PMSM).
Therefore, two V-connection inverters are necessary to drive
two PMSMs independently. An alternate way of driving two
motors independently is using a four-leg inverter (4LI).
Independent speed control of induction motors fed by the 4LI
has been reported in [8-13]. However, little or no work has
been reported on the independent control of two PMSMs
using a single four leg inverter. This paper proposes in detail
the independent vector control of two PMSMs fed by 4LI and
techniques to compensate the fluctuation in neutral-point
voltage of the two-split capacitors. The independent speed and
position control of two PMSMs fed by the 4LI using vector
control have several challenges. First, the pulse width
modulation technique used for the three-phase voltage source
inverter is not directly applicable for the 4LI because only two
phases have to be modulated for each inverter. Secondly, the
characteristics of speed and position drive are unstable when
the voltage at the neutral point of the two capacitors deviates
resulting in unbalance in capacitor voltages. In order to
address these issues, this paper presents an expanded two-arm
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modulation technique. This technique modulates only two
phases to obtain three-phase voltages required to control two
motor drives. This paper also proposes a method of achieving
a balanced three-phase current automatically using the vector
control method [3]. The effective method for compensating
fluctuations in voltages across the two capacitors is also
explained. The proposed compensation method and
independent control of two PMSMs fed by the 4LI with speed
control are validated experimentally and the results are
presented. The experimental results of position control are
also presented.

II. MAIN CIRCUIT ARCHITECTURE OF FOUR-LEG
INVERTER

Figure 1 shows the 4LI driving two three-phase PM motors.
The 4LI consists of four switching legs and two split
capacitors connected in series. The inverter legs Ul and V1
are connected to U and V phases of PMSM1, and U2 and V2
are connected to U and V phases of PMSM2. The W phase of
both the motors is shared in common and connected to the
neutral point of two-split capacitors. Vyyni, Vyni and
vwniare the phase voltages of the PMSMi (i=1, 2). v; (k=U,
V, W) is phase voltage of motor i. vy indicates the neutral
point potential of the two split capacitors. iy;, iy; and iy
are phase currents in the PMSMi and iy is the inverter
current in the common connection to the midpoint of the dc
link capacitors. E is the DC-bus voltage and C is
capacitance of each of the dc link capacitors. In this paper,
to simplify the analysis, negative side of the DC-bus is chosen
as the reference point.

HNLEXPANDED TWO-ARM PWM

Since the inverters’ W phase is connected to the neutral point
of two-split capacitors, it is not possible to modulate voltage
at this point. The 4LI has to be modulated using only U and V
phases of the motor. Therefore, the conventional PWM
technique used in three-phase VSI is directly not applicable
for the 4LI.
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Fig.1 Power circuit of a four-leg inverter

To obtain balanced three-phase AC voltage in the 4LI, the
phase difference between line voltages U-W and V-W need to
be controlled to 2m/3. This is achieved by the proposed
expanded two-arm modulation. Figure 2 shows the block
diagram of expanded two-arm modulation for the 4LL
Reference signals for U and V phase voltages of the PMSMi
are obtained by subtracting W phase voltage command from
U and V phase voltage commands of the PMSMi, respectively
as represented in eq. (1). Comparing reference signals with a
triangular carrier signal, gate signals for the power devices
can be obtained.

The reference signal for U and V phase voltages are
derived as follows.

* * *
{VUi = Vuni — Vwni )
* * *
Vvi = Vyni — Vwni

Where, viyi* is the voltage reference for phase ‘k’ of the
motor “'.  “*” represents the variable as reference value.
vini© 18 defined as follows.

1 * . * *
Vyni© = > Mi Esin(w;"t — ¢;")

* 1 *o " 21 .
v’ =g MiEsin(ort= 5= @) @
Lol AT
kVWNi = EMl ESln((l)i t— ? — @ )
Where, M;" and ;" are modulation index and

fundamental angular frequency for the PMSMi respectively.
@;" 1s the initial phase angle of the phase voltage for the
PMSMi.

From eq. (2), the phase difference in each voltage
waveform is controlled to be 27/3. Substituting eq. (2) in eq.
(1), three-phase line voltages are obtained. Fig.3 shows a
phasor diagram for the eqs (1) and (2).

IVUNBALANCED CURRENT COMPENSATION

The neutral point voltage of the split capacitors vyg is
given by the following equation.

1 1 (. . 1
Vwo = EE - if(l\m +iw,)dt = EE + Avyo 3
Where, Av,,, is the perturbation in voltage of vy from the
ideal value of E/2.

Equation (3) shows that the voltage vyyo fluctuates around
E/2. The reason for this fluctuation is due to currents drawn
from the W phase of each motor which flow through the
capacitors. The voltage fluctuation in vy results in

unbalance of motor phase currents. The ripple component
Avyyo depends on the fundamental frequency of the voltage
and peak value of both the motor currents.
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Fig.2 Block diagram of expanded two arm pulse width modulation
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Fig.3 Voltage vector of two arm modulation

If the motors are driven at lighter load and higher speeds,
the fluctuation in vy can be lower. Alternatively, using
larger capacitors at the dc link can also reduce the fluctuation.
However, large capacitors are undesirable because one of the
advantages of going for 4LI is being the reduction in size and
volume. Therefore, it is essential to consider the
compensation method which balances three-phase currents
without increasing the burden of additional capacitance. Since
two capacitor voltages fluctuate as explained in eq. (3), the
balanced three-phase current cannot be obtained under
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open-loop control such as V/f control method. In order to
obtain the balanced three-phase current, fluctuation in
capacitor voltage Av,,, must be added to the U, V phase
terminal voltage, Vyig, Vyio respectively such that

{VUiO =Vuni" — Vwni© + AV )
Vvio = VyNi© — Vwni© T AVyo

However, in vector control, reference values to achieve
balanced three-phase currents are automatically obtained
because three-phase currents are calculated from d and q axis
currents.

-
2
a?

(@ P,(0,0)

2‘ AV —— ]

(ORARY)

V. NEUTRAL POINT POTENTIAL COMPENSATION OF
TWO-SPLIT CAPACITORS

The voltage drift at the neutral point of two capacitors, vyo
is observed during the starting of motors. As a result, the
capacitor voltages are not equally balanced to a value E/2.
The drift causes the reduction of inverter DC-bus voltage
utility factor. Hence, vyyo must be maintained to E/2
preventing the drift. The authors in [5] analyzed the drift
phenomenon of the four switch inverter controlled using space
vector technique. They have presented a compensation
method to eliminate the unbalance in capacitor voltage and
validated the method with experimental results.
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Fig.4 Current paths during each switching mode

The authors conducted circuit analysis of each switching
mode of the 4LI to analyze compensation method for voltage
at neutral point. Since the two motors are controlled
independently, the circuit analysis for only one of the motors
has been presented in this paper. Fig.4 shows the direction of
current paths during each switching mode; P;(0,0), Pi»(0,1),
Pi3(1,0), Pyy(1,1). It is defined as “1” in the parenthesis when
the upper switch of each phase is turned on, and as “0” when
the upper switch is off.

In mode P;;(0,0), eq. (5) obtained from Fig.4 (a) as
Ziw; — Ziy; = 3B+ Avyo
. . 1
ZlWi - Zlvj = EE + AVWO (5)

iy + iy +iwi = 0

Eq. (5) can be rewritten as

, 11
(ZlUi = —EE —§AVWO
1 1
ZiVi = —EE - §Avwo (6)
1 2
lej =§E +§AVWO

From figures 4(b) P;»(0,1), 4(c)Pi3(1,0), and 4(d)Pis(1,1),
the next set of equations can be obtained.
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7 E 1 A neutral point potential by using space vector representation.
i ——E—-Av
. 3= Each Voltage vectors P;(0,0), Pin(0,1), Pis(1,0), Pu(1,1) are
1 1 ¢ :
Ziy; = 5 E— 3 AV, % expressed Vi, Vi, Vi3, Vigrespectively.
Zi 2 A
wi = 38Vwo V;, expressed as:
oo 1p 1 2 2iGm e
Ziy; EE §AVW0 Vii = §<Zlul + Ziy;e’37 + Ziye’3 ) (10)
Ziy; = %E — %Avwo (8) Substituting eq. (6) into (10) and then
2 1 1 2 (4 )
Ziwy; §AVWO Vil = <_g 2\/—)E +3 Avwoe
Ziy, = lE 1 Lav,, Further simplifying,
6 3 1 1
1 1 Vil = <———'—)E+AV 11
Zivs = 2E = 5 By ©) s 23 wo 1D
7i 1 E 2 A where
1Wi__§ +§ Vwo 2 .(4 )
. . AVyo = = Avy,0e’\3
Equations (6)-(9) show relation between each phase voltage wo ™ 35 wo
and AV,,,. From these equations, we analyzed the relation
of the inverter phase voltage and drift phenomenon of the
Im Im Vv Im
A 4 2 4
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Fig.5 Space vector of four-leg inverter

Similarly, Vi, Vi3, Vi4 are also written as: parallelogram shifts as shown in Fig. 5(b) or Fig. 5(c), and the
1 1 voltage range that can be utilized decreases. The term that

Vi, = <__ +j ) E + AV, (12) causes the voltage drift needs to be compensated. Figure.6
2V3 shows vector diagram of 4V,,,, Vy; and Vy;. From Fig.6,

1 1 AV, is compensated by adding A4V, which is divided
Vi = (E _jﬁ) E+4V,, (13) among U and V vectors. AV, is expressed as:
1 1 4v,,, = sgn(4V, )MVW"| + sgn(aV, )IAVW"l Vi
Vie= (5 +ig7) E+ Ao (14) v e T8 Vil
. 24Vy, Vyi | 24V, Vyi
From these equations, it is clear that the AV,,, influences all = IV, V.|
the switching modes. 3V3 Vi 3V3 Wi
24Vy & 24V, @
Figure 5 shows the space vector for the 4LI. In Fig. 5, = 33 eo+ 33 e? (15)
case (a) shows 4V,,, = 0. V,,,is maintained to be E/2 from )
equation (3). If A4V,, is positive or negative, the Where, sgn () represents change of sign.
4
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Fig.6 Space voltage vector (vector diagram of 4V,,,,, Vy; and Vy;)

From eq. (15), compensation terms which are added to U or V
phase voltage command are given by,

2
Svy; = — =4V,
3\2/§ (16)
= A
tstL 3\/§ Vwo

For vector control method, even if the compensation terms
are added to the reference signals of U and V phases prior to
the comparison with the carrier signal, it does not improve the

performance because the response of Automatic Current
Regulator (ACR) in vector control system is very fast.
Therefore, in order to use the compensation terms in eq. (16),
it must be added before ACR, not after ACR. Hence, it is
necessary to transform eq. (16) into d and q axes coordinates,
and compensate for the d and q axes currents. In 4LI,
transformation from d and q reference voltages to U and V
phase sinusoidal reference voltage signals are given by,

17U10]
17V10

—sin@
(0-57) ~sin(o-37)|1
—1 cos 371 sin 371 ‘a]

0 : in{6 (TS
cos( —§n) —sm( —§n>

cos @

. T
\/— [cos 6 - — —sin (9 - E) [zd] 17)
sin 0 cos @ ?
Also, inverse transformation of (17) is obtained as
0 (6-%
cos sm g) Vuio ”
] —sin 6 cos 9 E) [vVio] (18)
6
Substituting §vy;0, Svyio of eq. (16) for vy,
Vyio, it follows that
2
03
Svy; cosf  sin (9 — g) - 3—\/§Avwo
5v ] pe 2 (19)
qt —sinf cos 9——) —— Av
6 3\/§ wo

Bi 4,
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Fig.7 Block diagram of the vector control with drift voltage compensation

By diving eq. (19) by the impedance of stator winding,
R+Ls; d and q axes current compensation terms 8ig;, Sig;
can be obtained. The d and q axes current commands in the
4LI are obtained by adding the current compensation terms
8ig;, Oig; to the standard d and q axes current references
obtained from vector control. By controlling the difference
between the commands and the actual current values with
Proportional and Integral (PI) controller, the drift in neutral
point voltage fluctuations can be restricted.

Figure 7 shows block diagram of vector control with drift
compensation. ACR and Automatic Speed Regulator (ASR)
are PI controllers whereas Automatic Position Regulator

(APR) is P controller.

In this study, the d and q axis proportional gains of ACR
are 9.4488[V/A] and 9.8397[V/A] respectively, the d and q
axis integral gains of ACR are 1743.0[V+s/A] and 1812.5[V
s/A] respectively, the proportional and integral gains of ASR
are 0.30170[A/rpm] and 21.333[A-s/rpm] respectively, and
the proportional gain of APR is 2.1213[rpm/rad].

VI EXPERIMENTAL RESULTS

A) Experimental system
In order to demonstrate independent control of two PMSM
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drives and the usefulness of the compensation method for the 3 % s Four-leg VSL iy iy, ~ FM3M] Rotary

drift phenomenon, a 4LI experimental prototype has been ' ; tDioderec. _I_‘ @—O
p ) p prototyp 200V/50Hz Slider 1 RE

developed in the laboratory. The system configuration of the J sl

prototype is shown in Figure 8. The main circuit consists of j& J@ — 3 :

four IGBT-modules and two-split capacitors. The control ! = —| L m;ro; @

system was based on PE-Expert3, which is a DSP based 3 l; ;

digital control system that also has an Analog-Digital (AD) Totictice

Converter, digital input-output and PWM functions. The circuit

vector control algorithm is implemented by loading the

program from a host computer to the DSP residing in the 4-—MJ

PE-Expert3. Figure 9 depicts a photo of experimental D il

prototype. Table 1 provides the ratings and parameters of —

two identical PMSMs used in the experiment. In this Host computer PE-Expert3

experiment, in order to demonstrate independent driving of Fig.8 System block diagram of the experimental unit

both PMSMs, the direction of rotation reference signal for - f T [
PMSMI1 and PMSM2 are given in opposite direction to each : = =5
other. The dc bus voltage to the inverter was set at 282V and
the switching frequency was 10kHz.

B) Experimental results for Independent speed control

Both the PMSMs were operated at half the rated load.
The speed reference input to PMSM1 was changed from
250[rpm] (0-3[sec]) to 500[rpm] (3-5[sec]). The speed
reference to PMSM2 was changed to accelerate from zero
speed to 400 [rpm] in the reverse rotation in 2.0 seconds. o~
Figure 10 and 11 show the rotor speed of both the PMSMs. As G I i,

can be seen from these figures, two PMSMs are independently Fig.9 Experirﬁental Proto{yg)e._l}nit

driven by the 4LI TABLE I Rating and parameters of tested permanent magnet synchronous
motors

Figures 12 and 13 show the current waveforms of the PMSMs Rated Output 0.75 kw

during stqady state condition. In order.to verify the reason for The Number of Polos B

current distortion, the system was simulated and Figurel4

shows the results of current waveforms of three phase voltage Rated Voltage 116 Vrms

inverter at constant speed. The speed reference to PMSM Rated Current 45A

was SOQ[rpm]. Current distortion was also.obse-rved in the Rated Frequency 120 Hiz

simulation results. Therefore, the current distortion that was

observed in the experimental results was not due to the 4 LI Rated Speed 1200 rpm

configuration. Figure 15 shows the voltage at neutral point Stator Resistance 0.36Q

Wlth compensation. The Voltage? drift in wyg is obsewgd Joaxis Inductance 276 i

during acceleration and change in speed reference, but it is i

balanced in steady state conditions. Hence, it is possible to q-axis Inductance 2.87 mH

drive two PMSMs without any stability problems. The DC Inertia(PMSM + Load) | 12.8 mkgm?

bus voltage was also observed to study the effect of drift in
the neutral point voltage. It was observed that the dc voltage .
was steady and is not affected by any drift in the neutral point Speed[rpm] (100 rpm/div)

B , Command
voltage. BOR ousussiisisiad 2 QQ}EP'“

C) Independent position control — experimental results

Figures 16 and 17 show the rotor position of the PMSMs
when both PMSMs are driven under no load condition. A .)f‘q((]){}'
step input of 5t [rad] was given to the rotor position of salai
PMSMI and -3=n [rad] to PMSM2 as shown by the red lines.
As can be seen from these figures, there is no overshoot and o U"
each motor stops at the respective rotor position command 0
independently. In Figures 18 and 19 are shown the three-phase
current waveforms of the PMSMs. Figures 20 and 21 show
the rotor position of the PMSMs for the same reference
signals, where the proportional gain is twice to that of figures 0 Ti m:?lsl (1 _0'5 /div) )l _5'
18 and 19. Hence the, rotor angles reach the reference value
faster than that in figures 18 and 19.

Actual

Fig.10 Speed response of PMSM1
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R Y Fig.18 The three-phase current waveforms of the PMSM1

Fig.14 Current waveforms VSI in simulation result
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Fig.19 Three-phase current waveforms of the PMSM2
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Fig.20 Rotor angle of the PMSM1 in twice proportional gain
o 0 Time[s] (2.0 s/div) 10
-3 -

Rotor position[rad] ( & rad/div)

Fig.21 Rotor angle of the PMSM2 in twice proportional gain

VII. CONCLUSION

This paper presents an independent vector control
strategy for controlling two PMSMs drives fed by a
single four-leg inverter. The detailed block diagram of
the system with voltage drift compensation is also
explained. The effectiveness of the proposed method to
compensate for the fluctuation in the neutral point
voltage of the two split capacitors has been presented. In
addition, the independent drive characteristics of two
PMSMs fed by the four-leg inverter are demonstrated by
the experimental results. These experimental results also
validate the proposed compensation method. The results
show that independent speed and position control of two
PMSMs can be realized using a single four-leg inverter.
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