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Decoupled Floating Capacitor Voltage Control of a
Dual Inverter Drive for an Open-Ended
Winding Induction Motor

Chatumal Perera

Abstract—A control scheme is presented for a dual inverter
drive with a floating capacitor bridge, with decoupled motor and
capacitor dynamics. A stator current reference frame is used that
decouples the real and reactive power components of the motor and
enables the decoupling of the motor and capacitor dynamics. Apart
from the high frequency voltage ripple due to the inverter switching
pattern, the capacitor voltage can be kept constant even during
large step changes in motor speed reference and load torque. This
allows for the use of a significantly smaller floating bridge capacitor
whose size depends only on the steady-state high frequency voltage
ripple. Additionally, the number of PI regulators used compared
to previous works and the dc-link voltage requirements are both
reduced.

Index Terms—Dual inverter drive, field oriented control, floating
capacitor bridge, open-ended winding induction machine.

1. INTRODUCTION

HE internal combustion engine-based vehicle is gradually

being replaced by electric vehicles (EVs) due to their
superior performance in terms of efficiency, reliability, cost,
and environmental friendliness. Permanent magnet synchronous
machines (PMSMs) are ideal for high speed applications such
as EVs since they provide high efficiency, torque, and power
density [1]. However, the cost and availability of rare-earth
metals used to build PMSMs has always been a concern. Thus,
researchers have turned their attention toward high speed motor
drives based on alternative machines such as induction machines
(IMs) which are far more cost effective and more robust to
overload conditions [2], [3].

The dual inverter drive (DID) [4] using an open-ended wind-
ing induction machine (OEWIM) is a topology suitable for
high speed applications such as EVs. This topology has also
been proposed for applications such as aerospace [5] and EV
fast charging [6] recently. The main advantage of this topology
compared to a single inverter is its voltage boost, which extends
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both the constant torque region [7] and the constant power region
[3] of an IM. Apart from this, the multilevel nature of the motor
line voltage improves the motor current quality. Compared to the
neutral point clamped converter (NPC), the DID has both alower
component count [8] and lower dc-link voltage requirements. It
also has more redundant switching states and a higher pulse
width modulation (PWM) frequency compared to the NPC,
allowing for more flexible PWM schemes [9]. The DID topology
has three variants which have different dc supplies. The first
configuration [4], [10]-[12] uses two isolated dc supplies which
increases its reliability [ 10]. However, the isolation requirements
increase the size, weight, and cost of the drive. The second con-
figuration uses a common dc-link for both inverters [13]-[15].
However, this creates a common mode path for high frequency
currents from PWM to flow through the motor which can cause
excessive losses. To counter this, PWM schemes that eliminate
common mode voltage have been proposed in [13]-[15] at the
cost of dc-link utilization and current quality.

The third configuration, the focus of this article, has one
inverter supplied by a dc source while the other inverter uses
a floating capacitor connected across its dc-link to supply re-
active power. This configuration retains the typical DID advan-
tages such as voltage boost and better PWM, while eliminating
common mode currents and isolated supply requirements. The
complexity of the control for this configuration is higher due to
the need for capacitor voltage control. However, the benefits of
this configuration easily justify the use of more complex control.

There are two main approaches for controlling this DID
configuration in literature. In the first approach [16], [17], and
[5], the capacitor voltage is regulated by a PWM scheme by
using the redundant states of the drive to charge or discharge the
capacitor. Vector control [18] of the motor is also implemented
using proportional integral (PI) controllers. This method is based
on 4-level space vector (SV) modulation and is designed only
for a 2:1 inverter dc-link voltage ratio. Also, the operating
power factor of the machine affects the redundant states used for
charging and discharging the capacitor. This point is addressed
in [5]. A simplified version of [16] is presented in [17] based on
a model predictive technique.

In the second approach [3], [7], [19], [20], a simple PI con-
troller is used to regulate the capacitor voltage, while vector
control of the motor is also implemented using PI controllers.
In addition to this, a separate PI controller is used to operate
the main bridge (MB) at unity power factor to maximize the
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Fig. 1. DID with floating capacitor bridge using OEWIM.

operating range of the drive. The advantage of this approach s its
simplicity of implementation with respect to the first approach.
Also, this approach is not limited to a specific inverter dc-link
voltage ratio. This fact has been exploited in [7] and [20] where
a variable floating bridge (FB) dc-link voltage has been used
to improve the efficiency of the system through constant power
factor operation and by reducing FB losses, respectively.

This article improves upon the control scheme presented by
the authors in [21] which also uses a PI controller to regulate the
capacitor voltage. The contribution of this article is twofold.

1) A control scheme for the DID that practically decouples
the motor and capacitor dynamics even for small FB
capacitance values. It is extensively demonstrated via
simulations and experiments that the capacitor voltage
can be kept constant even during large step changes in
the motor speed reference (0 to 1 pu) and load torque
(0.25 to 0.75 pu). Only voltage switching ripple variation
is observed. As a result, a significantly smaller (more
than 10 times smaller compared to previous works) FB
capacitor can be used for the same switching frequency
and output power. This also allows for the use of thin
film capacitors which have higher reliability and lower
parasitics compared to electrolytic capacitors. A guideline
for choosing the capacitor size is also provided.

2) The above benefit is realized by the use of a stator cur-
rent reference frame. This reference frame is revealed to
decouple the voltage requirements of the motor and FB
capacitor into their real and reactive power components.
Consequently, true decoupling of motor and capacitor
dynamics can be realized. Also, the need for the dedicated
PI controller used in [3], [19], [20] to operate the MB
at unity power factor is eliminated, further simplifying
the control. This allows the MB to supply part of the
reactive power requirement of the motor during low torque
operation, which reduces the dc-link voltage requirements.

II. PRINCIPLES OF OPERATION

The schematic of a DID with a floating capacitor bridge using
an OEWIM is shownin Fig. 1. The main inverter bridge dc-link is
connected to a dc source while the floating inverter bridge dc-link
is connected to a capacitor. One end of each motor winding is
connected to the MB, while the other end is connected to the
FB. It is evident that there is no path for common mode currents
which produce losses. Also, the use of only one dc source cuts
down on the cost, size, and weight of the drive, as opposed
to using two isolated dc sources. The drive can also provide
an additional reactive voltage boost without having to increase
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the input dc-voltage requirement of the drive. The effective line
voltage seen by the motor can have up to 5-levels [9]. This
reduces both the motor current distortion and PWM harmonic
volt seconds, which in turn reduces the copper and iron losses
in the motor.

The motor is controlled by manipulating its effective stator
voltage v, which is given by (1). v, is equal to the difference
between the MB output voltage SV v,,;, and the FB output
voltage SV vy,

Vs = Umb — Ufp- (D

The FB is mainly used to provide reactive voltage support.
Hence, v, will nominally be 90° out of phase with the motor
current at steady state. However, due to losses in the capacitor
in a practical system, the capacitor will discharge over time and
lose voltage. To counter this, a small component of v ¢ is kept in
phase with motor current to absorb real power and compensate
for the losses. This component can be used to charge or discharge
the capacitor as required.

Since the MB is the only source of real power, the output
power rating of the drive will depend on the real power output
of the MB. To maximize this, the power factor of the MB is
maintained at unity over the whole operating range with a PI
controller in previous works [3], [19], [20]. The need for this
PI controller is eliminated in this aritcle using a stator current
reference frame. We shall also show that unity power factor
operation of the MB to maximize output power capability is
only required at high torque operation at rated speed. The MB
can be used to supply some reactive power during low torque
operation at rated speed and support the FB. This can be used to
reduce the dc-link voltage requirements.

III. PROPOSED CONTROL SCHEME

The main feature of the proposed control scheme is its ability
to practically decouple the motor and capacitor dynamics even
for a small capacitance value. This has the effect that the ca-
pacitor voltage can be kept constant during large step changes
in motor speed reference and load torque. This allows for the
use of a smaller FB capacitor to reduce the drive footprint. A
key aspect enabling this is the use of the stator current reference
frame (SCRF) [22] and the manner in which voltage references
for each inverter bridge is set. This greatly simplifies the control
and eliminates the need for a separate PI controller to operate the
MB at unity power factor. During low torque (low power factor
operation), the MB is allowed to supply some reactive power and
support the FB, which reduces the dc-link voltage requirements.
The objectives of the control scheme are listed below:

1) control the speed of the motor;

2) regulate the FB capacitor voltage;

3) operate the MB at unity power factor during high torque
operation to maximize output power capability and supply
reactive power if needed during low torque operation.

The first objective may be achieved by controlling the motor
torque using vector control [18] which uses the rotor flux refer-
ence frame (RFRF). The g-axis current controls the motor torque
while the d-axis current controls the motor flux. An outer speed
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Fig. 2. Conversion of stator voltage from rotor flux reference frame to stator
current reference frame.

control loop is used to provide the g-axis current reference to the
inner current control loop. The d-axis current reference is held
constant at the rated value to maintain rated flux. Alternatively,
the d-axis current may be set by a field weakening outer control
loop as in [3], [19], [20], if operation above the rated speed is
required. The second control objective is achieved by controlling
the real power flow into the FB, while the third objective is
achieved by keeping the reactive power output of the MB at
zero during high torque operation.

A. Stator Current Reference Frame

It is clear that control objectives 2 and 3 listed above require
the ability to control the real and reactive power outputs of the
two inverter bridges. To do this, the real and reactive voltage
components required by the motor need to be decoupled. The
RFRF used in vector control is not very useful in this sense,
since it only decouples the torque and field components of the
stator current. However, by using the SCREF, as shown in Fig. 2,
the motor voltage may be decoupled into its real and reactive
components. In this reference frame, the P-axis is set to align
with the stator current SV i,, while the Q-axis is set to lead i
by 90°. Any voltage component along the P-axis will cause a
real power transfer since it is in phase with the current, while
any voltage component along the Q-axis will produce a reactive
power transfer. The P-axis of the SCRF will lead the d-axis of the
RFRF by an angle a.. Hence, the position 0.y;rens Of the P-axis
with respect to time is given by

ecurrcnt = aﬁux +« (2)
a=tan"" (ig/idgs) 3)

where fg,y is the position of the d-axis of the rotor flux syn-
chronous reference frame with respect to time. It should be clear
that the P-axis component ip ; of current SV 4, is equal to the
magnitude of the stator current |z |, while the Q-axis component
1Q,s 1s equal to zero.

The use of the RFRF of vector control is required only up to
the point where the stator voltage reference v is calculated by
the dg-axis current control loop. Once the components of v} are
calculated in the RFRF (dg-axis), they can be easily converted to
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Fig. 3. Operating voltage range of an IM in the PQ-voltage plane (SCRF).

the SCRF (PQ-axis) using the simple linear transformation given
by (4). v*p , will correspond to the real power requirement of the
motor while vg, , corresponds to the reactive power requirement.
Having these components decoupled will prove to be greatly
useful when assigning output voltage references, as will be
shown later

* : *
’UP75 . COS «x SN ¢« v d,s (4)
vQ,s —SIinoa COoS« vq,s

Any other quantity including motor current may be converted
to the SCRF from the RFRF by multiplying the dg-axis quantities
by the rotation matrix used in (4) above.

The stator voltage requirement of the IM in the SCRF is shown
in Fig. 3. The stator voltage will always fall in the shaded region
if the IM 1is operated within rated conditions. This region is
bounded by the rated current and flux limits at rated speed and the
maximum power factor capability of the machine. The operation
of the motor at rated flux and rated speed is shown by curve
segment AB, which gives the maximum voltage requirement
of the motor and determines the dc-link voltage requirements.
Point A corresponds to rated torque operation at rated flux and
speed where the P-axis voltage requirement is maximum. As the
torque of the motor decreases, the operation point moves along
AB to the left, reducing the P-axis requirement while increasing
the Q-axis requirement. Hence, the power factor of the motor
decreases. Point B corresponds to no load operation at rated flux
and speed where the Q-axis requirement is maximum, and the
power factor is minimum.

B. Capacitor Voltage Control

The FB capacitor voltage vc,p, is governed by the following
differential equation:
d lcap 1 /3 . . )
= ZmP,fb *1p;s — Uoss,cap — 'PWM | -
()
According to (5), vcap is controlled by manipulating the
capacitor current ic,,. During the start-up of the drive, icap

i o T ¢
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is kept positive to charge up the capacitor until it reaches the
required voltage. Once it reaches this voltage, the capacitor
voltage is kept constant by keeping the average of i.,;, equal to
zero. It is clear from (5) that ., consists of three components.
The first component is due to the real power exchange at the
fundamental frequency on the ac side of the FB inverter. This is
proportional to the product of ¢p ; and the P-axis component of
the FB inverter modulation index defined below

mp fb = Vp tp/ (Vcap/2) (6)

where v} 1, is the P-axis component of the FB voltage reference.
The second component ijss cap models the power loss in the
capacitor due to parasitic effects. The third component ipywn
models the real power exchanged due to the interaction of the
high frequency PWM voltage and current components. It must
be noted here that ipw is low frequency (dc at steady state)
with a nonzero average representing power exchange. The value
of ipwn may be either positive or negative and varies with the
operating conditions of the drive.

Itis clear from (5) that m p, ¢ is the only control variable in the
equation while i p g, T1oss,cap, and ipwv are disturbances. v¢ay, is
maintained constant by adjusting m p, s, via a PI controller. The
terms ip , and ipw\ are highly sensitive to changes in motor
operating conditions. Hence, the bandwidth of the PI controller
should be fast enough to react to step changes in these values.
The effect of ¢ p ; can be reduced by feedforwarding it. However,
ipwM 18 very hard to predict or measure and can only be negated
through the controller. Typically, a bandwidth of a few hundred
hertz (~200 Hz) is sufficient to decouple the effects of motor
transients on vcap for all practical purposes. What is meant by
this is that the disturbance in v, will be smaller than the steady-
state ripple making it unnoticeable.

C. Inverter Voltage Reference Assignment

The assignment of inverter voltages must be done such that
the control requirements of the motor and the capacitor voltage
do not interfere with each other. The real voltage component
of the FB voltage reference v*p 4, is reserved for controlling
Ucap according to (5) by adjustlng mp, rp. Mp, fp is usually very
small (~=£0.1), allowing the rest of the FB voltage capability to
be used for supplying reactive voltage. The reactive component
of the FB voltage has no effect on v, and can be set arbitrarily.
Hence, this component can be set to supply as much of the
reactive voltage requirement of the motor as possible. The FB
voltage reference v, 4, can thus be assigned as follows

ca 2
VpQ.fb = (mmb (veap/ >> (7

—sat (UZQ,S)
where

if Uz?,s < VQmax, fb
otherwise.

®)

VQmax, fby

sat (vg) ) = {UQW

The P-axis component in (7) is equal to the real voltage
component needed to keep vcap constant. The Q-axis component
is set to be equal to the reactive voltage requirement of the motor
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®)
Fig. 4. Voltage references for motor, main bridge and floating bridge during

rated speed operation at (a) high (close to rated) torque and (b) low torque.

given that it is less than a predefined Q-axis saturation limit
VQmasx, fb (€1 0.95Vcap /2 or 1.1vcap/2). The de-link voltage of
the FB should be chosen high enough so that it is able supply
v, s Without saturating when the real power requirement of the
motor is high. For example, when the motor is running at rated
torque at rated speed. This allows the MB to operate at unity
power factor, maximizing the output power capability of the
drive. If v,  is larger than the saturation limit (eg: during low
torque operatlon) the FB will only supply the saturation limit
voltage while the remainder of v, ; will be supplied by the MB.
The MB is the only source of real power and must supply both
the real voltage component of the motor v, ., and the real voltage
component of the FB mp f(vcap/2). It will also supply any
remainder of vg, ; that the FB is unable to supply by itself. Thus,
the MB voltage reference vy, ,,,;, can be assigned as follows:

o [ vps T mpgb (Veap/2) ©
e Vo —sat (vg,) )

When the real voltage requirement of the motor is maxi-
mum, i.e., when the motor is operating at rated speed at rated
torque, the FB will supply the whole vg, , requirement. Hence,
vg s — sat(vg) ) = 0 and the MB will operate at unity power
factor, maximizing the output power capability of the drive
[Fig. 4(a)]. Note that a separate PI controller is not needed
to do this as in previous works, making the proposed scheme
simpler. For lower torque operation, the real voltage requirement
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Fig. 5. Block diagram of the proposed control scheme for the DID with a floating capacitor bridge using an OEWIM.
of the motor will decrease while the reactive voltage requirement TABLEI
increases. The MB is then used to supply the remaining reactive CONTROLLER GAIN SELECTION
volta mponent (v , — S p hich the FB cann
ge component (V5. 5at(yQ75)) which the cannot FY——
supply [Fig. 4(b)]. Thus, the dc-link voltage requirements can Controller (Hz) kp k;
be reduced. This is the main difference between the proposed Speed 10 0.9 16.96
scheme and the scheme in [21] which always operates the MB iy 150 46.36 2.913x10*
at unity power factor by setting vy, ,,,, = 0. i 150 46.36 2.913x10*
The voltage seen by the stator of the motor when the inverter Veap 300 0.3 18.85

voltage references are set according to (7) and (9) is given
by

¥
o * _ [ Yps
VPQ,s = UpQmb — UPQ,fb — ”Zg

,8

(10)

It can be seen that vpg , is exactly equal to the stator voltage
reference provided by the current control loop and contains no
terms related to the FB voltage. Hence, the motor will be not be
affected by the dynamics of the capacitor and can be controlled
independently. Similarly, since the P-axis component in (7) is
solely set by the PI controller for vc,p, independent control of
Vcap 1 also achieved. This decoupling and simplicity are both
results of the use of the SCRF. The proposed control scheme

block diagram is shown in Fig. 5. The signals in the RFRF are
shown in red, while the signals in the SCRF are shown in blue.
Simple carrier-based PWM with third harmonic injection is used
for the modulation of both inverters.

D. Controller Gain Selection

The bandwidths of the different controllers used and their
corresponding kp and k; values are listed in Table 1. The
bandwidth of d- and g-axis current controllers were chosen to be
150 Hz. The outer speed control loop was set to have a bandwidth
of 10 Hz. As mentioned in Section III-B, the capacitor voltage
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Fig.7. Extra voltage boost from a 1:1 DID due to proposed scheme compared

to always operating the main bridge at unity power factor.

control typically requires a bandwidth of around 200 Hz for
decoupled dynamics. Hence, the bandwidth of this controller
was selected to be 300 Hz.

E. Modulation Scheme

The inverters are modulated independently of each other using
carrier-based modulation with third harmonic injection. Hence,
the modulation scheme is not limited to the 1:1 dc-link ratio used
in this article and can be used with a 2:1 or 1:2 ratio if required.
The scheme is also simple to implement and allows each inverter
to operate at a maximum modulation index of 1.15. The same
carrier signal is used to modulate all six reference signals of the
different phases. The manner in which each phase is modulated
is shown in Fig. 6.

F. Extra Voltage Boost and Reduction of dc-link Voltages

The voltage boost obtained from the proposed scheme due
to the MB supplying part of the reactive voltage requirement
at low power factor (low torque) operation is shown in Fig. 7.
CDE is the maximum output voltage capability of a 1:1 DID
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Fig. 8. Minimum 1:1 DID voltage requirement.

operating the MB at unity power factor, while CDG is the
maximum capability of the proposed scheme. Note that v,,;
must be horizontal for unity power factor operation while there
is no such constraint for the proposed scheme. This results in
the extra voltage boost shown by portion GDE for the proposed
scheme. The proposed scheme can double the reactive voltage
capability of a 1:1 DID at low power factor (point G Fig. 7).
DID dc-links are usually chosen in ratios such as 2:1 [16], [17],
and [5], 1:1 [9], [21] or 1:2 [3] to improve PWM quality.

The minimum output voltage requirement for a 1:1 DID is
shown in Fig. 8 by superimposing the DID voltage capability
curve of Fig. 7 on the motor voltage requirement curve of Fig. 3.
The minimum dc-link voltage should be chosen such that the
DID can supply the voltage within the shaded region. For the
proposed scheme using a 1:1 dc-link, this means that the dc-link
voltage is determined by the P-axis (real) voltage requirement
vp, 4 of point A. Point A corresponds to the operation of the
motor at rated torque and speed. The minimum dc-link voltages
needed for a 1:1 DID using the proposed scheme is thus given
by

2v2

Q'UPA
Vbemb = VDo, fp = ——— = —=0 1ms COS Pratea  (11)
m \/§77 rms rate

Ui

where vy and cos @rateq are the rms line voltage and power
factor of the motor at rated conditions. 7 is a derating factor
typically chosen to be in the range 0.9-0.95. If unity power factor
operation of the MB is used, the dc-link voltage given by (11)
would be insufficient to operate the motor in region BIE (Fig. 8)
which corresponds to low power factor operation. Hence, the
dc-link voltage for unity power factor operation of the MB is
determined by point B (no load operation at rated speed). Either
both dc-links must be increased if a 1:1 ratio is used, or the FB
dc-link should be doubled while keeping the MB link at (11) to
give a 1:2 ratio.

Table IT compares the dc-link voltage requirements for unity
power factor operation of the MB, and for the proposed scheme
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TABLE I TABLE III
COMPARISON OF MINIMUM SUPPLY VOLTAGE REQUIREMENT AT 7 = 0.95 FOR DID SYSTEM PARAMETERS
DIFFERENT DRIVE CONFIGURATIONS FOR A 230-V MOTOR
Parameter Symbol Value
Drive Confisuration MB DC Link FB DC Link Stator resistance Ry 0.466 Q
g Voltage (V) Voltage (V) Rotor resistance R, 0.2873 Q
DID 1:1 DC link ratio, unity 397 397 Stator leakage inductance L 3.03 mH
PF operation MB Rotor leakage inductance Ly, 2.02 mH
DID 1:2 DC link ratio, unity 295 500 Magnetizing inductance L, 47 mH
PF operation MB Number of poles p 4
DID 1:1 DC link ratio, 295 295 Rated power Pratea 5hp
proposed control Rated speed Nyatea 1760 rpm
Rated torque Tratea 20 Nm
Moment of inertia J 0.0279 kg m?
to drive a 230-V motor at 7 = 0.95. The proposed scheme can ~ Coefficient of friction B 6.41x10" kg m*s™
reduce both the MB and FB dc-link voltages by 26% to 295 v Rated current Lrms 13.6 A
. : Rated line voltage Vs 230V
compared to a 1:1 DID operating the MB at unity power factor. Floating bridge capacitance c 120 uF
However, reducing the MB dc-link voltage is more important ~ Main DC link voltage Vocmb 300 V
compared to the FB, since it is the input supply voltage to the ~ Floating DC link voltage Voc,ro 300V
drive. The same supply voltage of 295 V can be used for MB ~ _SWitching frequency fs > kHz

unity power factor operation if a 1:2 dc-link ratio is used. But the
FB dc-link voltage must be doubled compared to the proposed
scheme. Hence, using the proposed scheme with a 1:1 DID is
beneficial in terms of component voltage ratings. Additionally,
the design process of the drive will be simplified since both
inverters will have identical specifications.

G. Potential Operation in Field Weakening Region

Extension of the speed range in the field weakening region
is one of the advantages of the DID [3]. However, the focus of
this article was decoupling motor and capacitor dynamics and
reducing capacitor size. The proposed scheme may be modified
to incorporate field weakening by adding an outer control loop
to adjust the d-axis current reference of the current controller in
a manner similar to [3].

The extra voltage boost GDE (Fig. 7) provided by the pro-
posed scheme does however give a potential advantage for
operation in the field weakening region. It has been shown in
[3] that the upper limit wyy, of the constant power region (field
weakening region I) can be extended to (12) by using a DID

Wpow ~ |be,max| / (ULsIs,max) (12)

where v p max 1S the maximum output voltage capability of
the FB, o is the leakage coefficient, and I .« is the rated
value of the peak stator current. Equation (12) may be derived
by considering the reactive voltage requirement of the motor
at Wpow Which is close t0 wWpow0 Lsls max and the maximum
reactive voltage capability of the DID. If the MB is always
operated at unity power factor, the reactive voltage capability
of the DID will be |v fp max|, resulting in (12). However, for the
proposed scheme, the reactive voltage capability is increased
due to the MB being able to supply some reactive voltage which
has the possibility of further increasing wpow-

IV. RESULTS

To demonstrate the effectiveness of the proposed scheme, the
following two tests were performed.
1) Test I — The motor is given a step in speed reference from
0 to rated speed (1760 rpm) at 0.25 pu (5 Nm) torque.

2) Test2 — The motor is given a 0.5 pu (10 Nm) step in load
torque from 0.25 pu (5 Nm) to 0.75 pu (15 Nm) at rated
speed (1760 rpm).

Both tests represent extreme transients in motor operating
conditions. These tests were performed both in simulation and
experimentally. The same motor and drive parameters were used
in the simulation and experiment. These values are given in
Table III.

A. Simulation Results

The two tests mentioned above were performed on the DID
system and the waveforms of the four parameters being con-
trolled (7 4,4, @ 4,5, motor speed, and v.,;,) were plotted.

The waveforms corresponding to Zest I are shown in Fig. 9.
The behavior of 7 4, 7 4,5, and the motor speed is the same as
what would be expected from a single inverter drive. Hence,
it can be concluded that the motor dynamics are not affected
by the FB control requirements. The motor accelerates from
0 to rated speed (1760 rpm) in less than 300 ms. However,
the most important observation is that the capacitor voltage
remains constant despite of this large motor transient. The only
observable change is the increase in capacitor voltage ripple.
This shows that the proposed scheme is able to decouple the
capacitor dynamics from the motor dynamics as claimed.

The waveforms for 7est 2 are shown in Fig. 10. Again, the
behavior of 7 4, 74,5, and the motor speed is the same as
what would be expected from a single inverter drive. The motor
speed drops slightly by about 40 rpm with the step in load
torque but quickly recovers within 250 ms. More importantly,
the capacitor voltage remains constant despite the step in load
torque. Once again, this confirms the ability of the proposed
scheme in decoupling motor and capacitor dynamics. Fig. 10(d)
shows the inverter voltage references in the PQ-reference frame.
Before the step in load torque, the motor is operating in the low
torque region where the Q-axis (reactive) voltage requirement
of the motor is higher than what the FB can supply. Hence,
the FB Q-axis reference saturates at —165 V (—vgmax, f» limit)
while the MB supplies the remainder of the Q-axis requirement.
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After the transient, the motor operates in the high torque region
and the FB is able to supply the full Q-axis requirement of the
motor alone. Therefore, the MB supplies zero Q-axis voltage
and operates at unity power factor. Hence, the MB is able to
supply reactive power when needed, allowing for reduced dc
supply requirements compared to always operating the MB at
unity power factor. A 300 V dc-link voltage was used for both
the MB and FB, which was chosen just above the value given
by (11) and Table II.

In addition to the results for 7est I and Test 2, Fig. 11 shows
the simulated response of the controlled parameters during
regeneration and reverse motoring. A step in speed reference
was given from rated speed in the forward direction (1760 rpm)
to rated speed in the reverse direction (—1760 rpm). The motor
operates in the regenerating mode as its speed drops from 1760
to O rpm and in the reverse motoring mode as the speed increases
in the reverse direction from 0 to —1760 rpm. Even under these
conditions, the capacitor voltage remains constant at 300 V. The
only observable change is the variation in voltage ripple, similar
to the results observed in Test 1 and Test 2.

B. Experimental Results

The same two tests mentioned above were repeated experi-
mentally. The motor used was a 230 V, 5 hp, class B Baldor
OEWIM. The DID consisted of two identical custom built invert-
ers with Semikron (SKiM306GD12E4, 1200 V, 300 A) IGBT
modules. Three KEMET C4AQLBWS5400A3FK 40 uF 500 V
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polypropylene film capacitors connected in parallel were used to
form the FB capacitance of 120 uF. The detailed specifications
of the motor and the drive are available in Table III. The drive
control was implemented on a PLECS RT Box platform. The
motor was loaded using a MAGTROL DSP 6000 dynamometer.
The experimental setup is shown in Fig. 12. The dynamic re-
sponse of the controlled parameters for Test I is shown in Fig. 13.
The experimental response is very similar to the simulation with
the motor reaching rated speed (1760 rpm) within 300 ms. More
importantly, there is no visible deviation in the capacitor voltage
[Fig. 13(b)]. The only visible change is the increase in capacitor
voltage ripple.

The same can be said about the 7est 2 experimental wave-
forms shown in Fig. 14. They are very similar to the simulation
waveforms. The motor speed dips slightly but recovers within
250 ms while the capacitor voltage remains constant the whole
time. Hence, it should be clear that the decoupling of motor
and capacitor dynamics in the proposed scheme can be realized
experimentally.
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Fig. 12.  Experimental setup.

The reactive voltage support provided by the MB at rated
speed during low torque operation is experimentally demon-
strated in Fig. 15. As the load torque decreases, the power factor
of the motor decreases and the reactive voltage requirement
increases. At 5 Nm, the maximum reactive voltage capability
of the FB is reached [Fig. 15(a)] and the MB starts supplying
the remaining reactive voltage requirement. This is evident from
the drop in power factor of the MB at torques below 5 Nm in
Fig. 15(b). It is possible to do this since the MB is not running
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Fig. 14.  Experimental dynamic response of controlled parameters during a

0.5 pu (10 Nm) step in load torque from 0.25 pu (5 Nm) to 0.75 pu (15 Nm) at
rated speed (1760 rpm).

at its full capability during low torque operation. However, at
higher torques, the MB operates at unity power factor close to
its full capability.

The experimental plots for the motor voltage requirement over
the whole torque range at different speeds is shown in Fig. 16.
The leftmost point on each speed curve corresponds to no load
operation while the rightmost point corresponds to rated torque
operation. The portion of the curve at rated speed going above the
MB unity power factor constraint corresponds to the operation at
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load torque at rated speed (1760 rpm).

torques below 5 Nm where the MB supplies reactive voltage. At
lower speeds however, the voltage requirement remains below
the MB unity power factor constraint. Hence, the MB operates at
unity power factor over the whole torque range for these speeds.
Fig. 16 also experimentally validates Fig. 8 given earlier. The
rated speed curve in Fig. 16 corresponds to line segment AIB in
Fig. 8.

C. Selection of Floating Bridge Capacitor

Table IV shows a comparison of FB capacitor sizes and
power levels between the proposed scheme and existing control
schemes in literature. Please note that the values in column 3
have been inferred from the experimental speed and torque
waveforms presented in these works and may not have been
explicitly stated by the authors. These values have been listed
only to provide an approximate feel regarding the system power
level for the sake of comparison.

It is evident that all schemes listed in Table IV includ-
ing the proposed scheme fall under the same power range
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TABLE IV
COMPARISON OF FB CAPACITOR SIZES OF DIFFERENT OEWIM DID SCHEMES

Capacitor | Experimentally f C C_fs
Scheme control demonstrated (kl-;z) uF) Pax
method Pax (W) (nF.Hz/W)
Proposed PI 3686 5 120 163
[3] PI 690 NS NS -
[7] Pl 3686 7.5 4000 8139
[16] PWM 1833 2 3250 3546
[17] PWM 1833 3 3250 5319
[18] PWM 7676 5 3250 2117
[21] Pl 1602 5 NS -

NS = Not Specified

(<10 kW) and use similar switching frequencies. However,
the capacitor value used in the proposed scheme is an or-
der of magnitude (more than 20 times) smaller than the next
smallest capacitor size used. For a fairer comparison, the ca-
pacitor size has been normalized with respect to switching
frequency and output power in the last column of Table IV to
give the uF.Hz/W value for each scheme. It has been shown
in [23] that the capacitance required is inversely proportional
to fs, indicating that it is easier to reduce C at higher f.
This is why C' is multiplied by f; to get the normalized value
instead of dividing by it. For example, if two schemes use the
same C' but one of them uses half the f as the other, it will have
half the uF.Hz/W value, indicating it is twice as better. Even with
this metric, the proposed scheme (163 pF.Hz/W) is an order of
magnitude (more than 10 times) better with respect to capacitor
size than the next closest scheme (2117 pF.Hz/W). This shows
the effectiveness of the proposed scheme in reducing capacitor
size.

The FB capacitance for the proposed scheme has been se-
lected based on the worst case steady state capacitor voltage
ripple, which occurs when the motor is running at its rated
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condition. The ripple is a result of the switching action of the
FB inverter and is inversely proportional to capacitance. It is
also proportional to the switched current flowing through the
capacitor and the time for which it flows. The value of the
switched current is related to the three phase motor currents.
The time for which it is applied is equal to the dwell time of
the switching state being applied, which is proportional to the
FB voltage reference and inversely proportional to the switching
frequency. Hence, the worst case ripple can be eventually related
to capacitance, switching frequency and the rated parameters of
the motor. Capacitance can be made the subject of this relation
resulting in (13) which gives a guideline [23] for selecting the
FB capacitance based on worst case peak to peak ripple AVj,ax,
motor parameters and switching frequency f

‘/;“I’IIS : Irms 1 (

Prated 2
— ] .
V;ms : Irms) ( 3)

The capacitance requirement predicted by (13) for a ripple
of 6 V (2% of the FB dc-link voltage as in [5]), for the drive
and motor parameters listed in Table III is 126 pF. Hence, the
practical value of 120 uF was chosen for all simulations and
experiments in this paper. The requirement of such a small ca-
pacitance value allows for the use of film capacitors which have
much lower ESR and higher ripple current ratings compared
to electrolytics. Hence, three KEMET C4AQLBWS5400A3FK
40 pF, 500 V polypropylene film capacitors connected in parallel
were used to form the required 120 pF. The maximum simulated
rms ripple current through each capacitor was 2.1 A, which is
much smaller than the rated value of 13.5 A for the selected
capacitors. Hence, the value predicted by (13) is a practical
value and is not limited by the capacitor ripple current rating.
Fig. 17 shows the experimental ripple voltage obtained with
the selected capacitors for the worst case scenario of rated
torque at rated speed. As predicted, the ripple remains at 6 V
(2%) which experimentally validates (13). The frequency of
the ripple voltage (15 kHz) is 3 times the switching frequency
due to the three phase switching action. Also, the amplitude
of the switching ripple increases and decreases periodically at
a frequency of 6 times the fundamental frequency (360 Hz).

C = 1- =

2"/DC,fb'AVYmax'fs 3
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This is related to the existence of 6 sectors in the FB SV
diagram [23].

V. CONCLUSION

A control scheme for the DID using an OEWIM with FB
capacitor control has been proposed. The control scheme decou-
ples the motor and capacitor dynamics such that the capacitor
voltage can be kept constant even during large step changes
in motor speed reference or torque for a capacitance as small
as 120 pF. The proposed scheme is also simpler than existing
schemes since it does not require a complex modulation scheme
and uses only four PI regulators, only one more than a single
inverter drive implementing vector control. Much of this sim-
plicity is due to the use of the stator current reference frame
and the manner in which voltage references are assigned to the
inverters, which also allows the MB to supply some reactive
power when required. This results in an additional voltage boost
at low power factor operation compared to existing schemes,
reducing dc-link voltage requirements. Both the MB and FB
dc-link requirements can be reduced by 26% for a 1:1 DID,
while the FB requirement can be cut by half compared to a
1:2 DID. Since the capacitor voltage is not affected by motor
transients, the capacitor can be made very small and is selected
based on steady-state ripple voltage. It also allows for the use of
film capacitors which are more reliable and have lower parasitics
compared to electrolytics. A guideline equation for the selection
of capacitor size based on motor and drive parameters and ripple
is provided. Itis shown that the capacitance used by the proposed
scheme is an order of magnitude smaller than any other scheme
for the same switching frequency and output power.
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