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age inductance, and magnetizing inductance, re-
spectively.

1. INTRODUCTION

ULTIPHASE variable speed drives (VSD) received con-
M siderable attention due to the increased efficiency for
high-power industrial applications. Compared to other multi-
phase drives, five-phase drives have significant advantages, such
as torque ripple reduction and fault tolerance capability [1],
[2], [3]. Due to their advantageous properties, five-phase drives
prevail among multiphase drives [4], [5], [6]. In this paper,a
five-phase induction motor (FPIM) drive is used as a case
study. Different five-phase multi-level inverters feeding FPIM
are less demanding in industrial applications due to performance
constraints caused by control complexity and vulnerability to
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switching failures [4]. Therefore, as a result of the above analy-
sis, the voltage source inverter (VSI) with a five-phase two-level
(FPTL) platform is selected as the FPIM supply option [7].

For VSI-fed multiphase drives without filter, several closed-
loop control approaches have been developed. These include
sensorless rotor flux (field) oriented control (FOC) [8]; direct
torque control (DTC) [7], [9] for improved steady-state and
dynamic response; model predictive control (MPC) [10], [11]
to obtain optimal performance within user-defined constraints
during model parameter variations; and fuzzy logic-based finite-
time and command-filtered adaptive backstepping control [12]
to handle uncertainties such as input saturation, external load
disturbances. DTC and MPC provide variable switching fre-
quency to obtain optimal flux and torque requirements, while
FOC and direct self-control strategies [7] utilize several carrier-
based pulse width modulation (PWM) techniques [13]. PWM
control techniques are commonly adopted in three-phase [14]
and multiphase VSI [15] to control its output voltage and
improve harmonic distortion. For various FPIM closed-loop
controls, the space-vector PWM (SVPWM) scheme is intended
to minimize switching losses by providing a one-state transition
at any time and maintaining a constant switching frequency. DC
bus utilization is higher in SVPWM, so it is widely used for VSI
with a five-phase configuration [6]. Based on the placement of
null vectors, SVPWM is divided into seven different categories
and further divided into conventional SVPWM, two types of
continuous PWM (CPWM), and four types of discontinuous
PWM (DPWM) mode [4], [16], [17]. In these DPWM schemes,
one VSI leg is clamped to a fixed switching state through each
switching cycle, whereas high-frequency switching takes place
on another four legs; thus, it reduces the overall switching loss
of VSI. Hence, the impact of FOC with these SVPWM schemes
is investigated in this paper for the FPIM drive.

In such VSDs, the applied stator voltages are not purely sinu-
soidal, as in the case where the stator is supplied through direct
AC lines. Furthermore, the stator current and the developed
motor torque contain higher ripples, and the stator windings are
subjected to higher voltage stress due to repetitive pulses [18]. To
overcome this, LC' passive filters with different configurations
can be used between the FPTL VSI and the FPIM stator termi-
nals [19], [20]. In [21], a high-power medium voltage VSD with
LC passive filter is investigated, which utilizes a three-phase
induction motor (TPIM) driven by a three-level VSI operated at
alower switching frequency. In these types of drives, the residual
life of the motor is enhanced with reduced electromagnetic inter-
ference. Furthermore, the incidence of motor bearing failures is
also reduced as a result of the elimination of common-mode
voltage and the minimization of motor bearing currents [6],
[7]. As a side effect of these LC filters, the performance of
the field-oriented control (FOC) of the motors is greatly ham-
pered due to constant resonance frequency oscillations, which
directly affect the steady state as well as the transient behavior
of the VSD [22]. In such a scenario, a predictive controller
with a fast transient response is investigated in [23] without
overpowering the resonant frequency oscillations. To overcome
such challenges in grid-tied converters, single-loop or multi-
loop controllers based on the control signal shaping technique
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Fig. 1. Topology of FPTL driven FPIM with LC filter.

are investigated [24]. Moreover, various active damping (AD)
methods have also been proposed in literature to attenuate such
unwanted oscillations in VSD [25]. Thus, the active power losses
that occur in the damping resistors can be eliminated in the VSD,
where a passive LC filter is used. Hence, this paper investigates
such an active damping technique for the FPIM based VSD.
For an FPIM-based VSD integrating filter based on an adaptive
full-order observer [9], [24], a modified vector control technique
with cascaded loop is a better solution. For such a type of
observer, fewer sensors are needed to sense the dc-link voltage
and the output current of the VSI. Observers, on the other hand,
estimate the actual motor parameters, such as voltage, current,
and speed. However, being a competent observer is a tough and
time-consuming task. In addition, additional sensors and PI con-
trollers are necessary to regulate state variables such as inductor
currents and capacitor voltage in the LC filter [26]. Compared
to [26], this paper has the following significant contributions.

1) A zero sequence injection-based SVPWM, CPWM and
DPWM techniques are proposed in Section II that em-
ploys low computational burden to digital signal processor
(DSP).

2) The current ripple prediction (CRP) technique replaces
zero-crossing detection circuits, and therefore no addi-
tional auxiliary circuits or current sensors are required to
determine the switching frequency (fs,,) for developed
PWM strategies.

3) An appropriate control methodology is proposed in Sec-
tion III for an FPTL-VSI fed FPIM drive with LC filter.
An integrated observer is also designed that performs
sensorless speed operation of the proposed drive.

4) Section IV presents an experimental validation result
of the FPIM drive at a wide range of speed variation.
A comparison study also established between proposed
SVPWM, CPWM and DPWM schemes.

II. FILTER DESIGN AND PWM STRATEGIES

As illustrated in Fig. 1, a five-phase second-order low-pass
sinusoidal LC filter has been designed for an IGBT-based FPTL
VSI-fed 5 hp, 220 V, 3.99 A, 4 pole, 50 Hz, star-connected,
FPIM drive. FPTL VSI switching functions, S* and ST are
complementary to each other and can represent states O or 1. The
FPTL-VSI has 32 (2°) possible switching states/voltage vectors.
These 32 switching states/voltage vectors are divided into four
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Fig. 2.  Switching vector in (a) a8—plane. (b) zy—plane.

different categories: large voltage vectors (0.6472v,4.), medium
voltage vectors (0.4v4.), small voltage vectors (0.2472v4.) and
zero voltage vectors (0). These categories are made according
to the magnitude of the voltage vector in «v3-plane, as shown in
Fig. 2(a). The corresponding VVs in zy-plane are represented
in Fig. 2(b). Several PWM schemes are discussed in this section
that incorporate these voltage vectors, either directly or indi-
rectly.

A. Filter Designing and Its Impact

To achieve stable drive performance with the LC' filter, a
proper design of the AC and DC side filters is essential.

1) Calculation of Filter Inductance Ly: The magnitude of
Lji is calculated considering two design criteria [27], [28]. The
first criterion is that the value of the switching ripple current
(A7) through L'} is within 15-25% of the peak value of
15, which is assumed as the rated stator current of the FPIM
drive [29]. The second criterion is that v; at the rated I, and f;
should not exceed 3% of V;;[27], [28]. However, the selection
of L% is basically a design trade-off between the maximum
current ripple and the size of L}”-; however, C"}? is considered
according to the availability of a close approximation to the
designed value [30]. The expressions of A¢7 and v} are written
as (1).

. Vde
AT = g
YT 8 Ly

vf = if /(R + rfL3R). ()
Here, the value of Aif is considered 20% of the peak value of
the rated 4. With this consideration, Lfc is calculated as 1.15
mH for vg. = 600 V at f,,, = 50 kHz. However, the designed
value of the prototype inductoris 1.21 4+ 5% mH with an internal
resistance of r§ = 0.3 + 5% Q, which is a close approximation
to the calculated value. From (1), v}” across L? can be calculated
as 0.878% of Vg in Vi =220 V and f; = 50 Hz.

2) Calculation of Filter Capacitance C}f : The filter capaci-
tance is computed based on the reactive power demand of the
squirrel cage FPIM, which must be provided by C}”, and only
the active power demand must be supplied by the VSI [30]. The
reactive power is solely accountable for energizing the magnetic
core of the FPIM to generate the requisite air-gap flux, and its
demand is nearly constant regardless of whether the FPIM is
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operating at full or no load. Only the active power demand is
varied with load change. Because the reactive power demand
of the FPIM operated without load at 50 H z is greater than the
active power demand, the no-load power factor of the FPIM is
lower than its full load power factor. Therefore, the active power
demand of the FPIM and the reactive power demand of L7 are
supplied from the VSI. The reactive power demand (Q),,;) of the
FPIM is supplied from the filter capacitor [30], which can be
expressed as (2).

VZ
o A . S
in - an (Zﬂ—fscf) n 27Tfs(Lm + LlS). .

To accommodate all the reactive power requirements of FPIM,
the value of C needs to be large enough. The larger sized
filter capacitor may not be useful for various size-constrained
applications. Therefore, the capacitor is designed in this study
on the basis of the reduction in voltage ripple at the stator end of
FPIM. Now, the filter capacitor C’;f can be obtained as (3) using

Q).

- 1
I = T, T L) ®

From the no-load test of FPIM, the per-phase data are collected
for stator voltage (V,,; = 221.28 V'), stator current (,,; = 0.744
A) and active power demand (P,,;; = 50.53 W). Now, the per-
phase reactive power (Qn; = \/V,;, 1%, — P»,) can be computed
to get a value of 156.69 VAr. Using (2) and (3), C'} can be
calculated as 10.186 pF. However, the capacitance value chooses
higher than the calculated value due to the availability constraint.

3) DC-Link Capacitance Design: The DC-link capacitance
selection depends on the power rating of FPTL-VSI. The com-
plete details of selecting the DC-link capacitors are presented
in [6]. The values of Cy., and Cy. are considered equal for
computation simplicity; however, due to manufacturing toler-
ances, the actual values may differ. Again, at different speeds,
the DC link voltage utilization differs and the DC-link current
requirement will be higher considering the full load torque.
Hence, for this particular study, the DC-link capacitors are
designed as (4).

o Idc,max Idc,max
Cic= 75— Y 4)
Swm h 5T'Udc 5W'rnl 57' Vdc
———— ——
High speed Low speed

where w,,;, and w,,; represent the high and low speeds of FPIM,
respectively. §, represents the variable that depends upon the
modulation index of the FPTL-VSI and the DC-link voltage
ripple. Considering the FPIM rated current of 4 A/phase, the
maximum transient current of the DC-link can be calculated as
Lage,maz =3 X5 x4 A~60A. Atw,,;, = 1500 rpm and vy, =
600 V, the the DC-link capacitance (Cy.) can be computed as ~
200 pF, while at w,,; = 100 rpm, C'y.. is evaluated as ~ 2100 uF
with 5% variation in vg4.. The DC-link voltage is shared by two
4700 pnF/450 V capacitors selected from the available capacitor
range in accordance with the above calculations.
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Fig. 3. Simulation results: space vector modulating signal for FPTL VSI

SVPWM techniques with modulation range d%* € [0, 1].

B. Proposed Generalized PWM Scheme for FPTL-VSI
The proposed generalized PWM scheme has been developed

by comparing the reference modulating signal (d?*) with a
triangular carrier signal. di* can be obtained by adding the
modulating signal (dY) to the zero sequence component (d.),
as per (5) [31].

d** =d* +d,, wherex € {a,b,c,d, e} ®)

The zero sequence voltage (v, = ”3“ d.) is related to the maxi-
mum (Vaz = 4% dmax) and minimum (v,,i, = “4°dmin) value
of v, x € {a,b,c,d, e}, as mentioned in (6).

1
V, = —% (Umax + Umin) (6)

2
By dividing “4= on both sides of (6), the relation for d. can be
obtained as (7).
dz - - (dmax + dmin) (7)
where d.x and dp,;, are considered as the maximum and
minimum value of d¥, respectively, at a given instant. Through

further manipulation, i.e., adding and subtracting 1/2 in the
right-hand side of (7), d. can be written as (8).

1 1
dz - (2 _dmax) + (_2

To illustrate various SVPWMs in Figs. 3 and 4 with appropriate
selection of zero vector V or V3;, the distribution factor k&
can be introduced for (8) to obtain (9). In order to achieve it,
the maximum duty d,,4, can be selected for k period and in
contrary, d,,;,, can be selected for (1 — k) duration, considering
the maximum duty of 1.

1 1
dz = k‘ (2 - dmax) + (1 - k') <_2 - dmin) (9)

A further simplification of (9) yields the relation of d, in (10).

- dmin) (8)

d, = (k - ;) — kdmax + (k - l)dmin (10)

The selection of the distribution factor k& € [0, 1] depends on the
SVPWM technique, which can be observed analytically from

2t 3n 4n w 6n Tn 8x 9 2x 0 * 2 3w 4x 7 67 Im 8n 9n 2x

vy ..
(9

0 £ O
55 5555 5555 5555
(a) CPWM1 (b) CPWM2

% 27 3n 4n n 6nIn 8w 97 2
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Fig. 4. Simulation results: various CPWM and DPWM techniques for FPTL-

VSI with modulation range d%* € [0, 1].

the relation given in (11).

SVPWM and CPWM Scheme
0.5 for SVPWM

k=40 for CPWMI
1 for CPWM2
DPWMO Scheme DPWM2 Scheme
[0 it din <0 1 i =1 D
1 if doax + dinin > 0 0 ifl, =1
DPWMI1 Scheme DPWM3 Scheme
{1 if dinase + dinin < 0 k{o it =1
0 if dpax + dmin >0 1 ifl, =1
where [} = any({d* = dmax }&{dser = dmin}) and [, =

any({ds,» = dmax }&{dsy = dmin}), @' € {d,e,a,b,c} and
2" € {b,c,d,e,a}. The MATLAB command ‘any’ is used to
determine whether any of the elements of the array are nonzero.
A linear modulation range ([dmin,dmax] — [0,0.5257]) is
considered for further analysis. With this constraint, a triangular
signal is considered a carrier wave of magnitude 0 to 0.5257.
The reference modulating signal d, with the corresponding d.,
are presented in Fig. 4 for both CPWM (CPWM1 and CPWM?2)
and DPWM (DPWMO, DPWM1, DPWM2, DPWM3) schemes.
It is observed that, for any sector, the DPWM modulating signal
consists of CPWMI1 and CPWM2 modulating signals. For
illustration, DPWM follows CPWMI1 and CPWM2 for the
period 54° to 90° and 90° to 126°, respectively. Hence, the
analysis of current ripple in the case of DPWM can be carried
out directly from both CPWMs. For sector 1, waveforms of
gate signals and current through inductors are graphically
presented in Fig. 5 for CPWMI1 and CPWM2, respectively.
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Fig. 5. Simulation results: Switching function and corresponding resultant

five phase current when using CPWMI1 and CPWM2.

The appropriate implementation of null vectors ‘11111° and
‘00000’ are considered for both CPWM schemes. In Fig. 5,
the modulating signal d}; is kept OFF for CPWMI, so the
corresponding switch S¢ stays on throughout the switching
period. The modulating signal d}, is kept ON for CPWM?2, so
5S¢ is kept OFF over the entire switching period. Therefore,
high-speed switching events occur on the remaining eight
switches.

C. CRP Analysis and fs,, Selection With Ps,, Control

The Fig. 5 is utilized to analyze the current ripple in the
inverter side (:§) considering FPIM side current (¢5) as the
reference. Ripple content in 77 is high due to the lower value
of Ly. Itis assumed in this analysis that the stator current ¢% is
free from ripple components. Therefore, 77 current is equated to
the average value of ¢7 over a switching period. As the carrier
wave is symmetrical, the interrelationship within 7§ and 77 is
expressed by (12).

A >2 ( (12)

cx
s

+ ith)

where 745, is the minimum current that is utilized to charge or
discharge the VSI internal switch capacitance. The effect of
CPWMI and CPWM?2 on FPTL VSI is considered for detailed
analysis. As per (13), essential conditions can be written again
according to the ripple current of the inductor which is placed
on the inverter side.

AGY

o B m—1
FAt,

5

m e {1,2,3,4,5)
z € {a,b,c,d, e}

—{/Z: + Vdc, (13)

where At, = d**/ fs, is the ‘ON’ time period of z*"-leg upper
switch. The variable m varies over time and does not depend

on the sequence x. The switching frequency ( fs,,) of the carrier
waveform can be obtained as (14) using (12)-(13).

B Kl G T
Jow = mm{ LEAGT

(14)
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Fig. 7. Control block diagram enabling CRP techniques for FPIM drives.

As L7 is coupled with A¢7, increase in L} leads to a decrease in
A, resulting in minimal changes in the denominator product
L;Aif of (14). Hence, the parameter variations do not affect
much for the estimation of f,,. The block diagram representa-
tion of f,, selection for carrier signal generation is illustrated
in Fig. 6. In the proposed SVPWM strategy, there is only one
switching state change that incorporates switching activities of
two switches. Hence, the switching power loss (Ps,,) can be
further calculated according to (15).

Psw =2 (VGE+ - VGE—) QGfsw (15)

where Vg4 is the driving voltage of the VSI switches and Q¢
is the gate charge of the switching device. By controlling fs.,,
P, can be controlled.

III. FPIM DRIVE CONTROL AND OBSERVER DESIGN

The proposed controller accumulates the advantages of FOC
with switching loss control. In this section, the FOC methodol-
ogy is first elaborated, followed by the filter control strategy. An
observer is implemented to estimate the speed and internal state
of the FPIM drive system. The details of the complete control
strategy are illustrated in Fig. 7.

A. FPIM Drive Control Using Proposed SVPWM Strategy

To achieve better drive stability, FOC is proven to be a better
control approach. FOC is considered mostly motor parameter
dependent; however, the motor parameters are not utilized in
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Fig. 8.  Control block diagram enabling CRP techniques for FPIM drives.

the proposed implementation. A simple FOC structure is incor-

porated in this paper with the following methodology

Step-1: Initially, the DC-Link voltage vy and {a, b, ¢, d}-phase
inverter side currents i?°“? are measured using one voltage
sensor and four current sensors, respectively. The remaining
e-phase current is calculated on the basis of the current
balancing technique, i.e. i = — > 1,5 . a) il

Step-2: The voltages (v?°°?¢) in the stator phases are formu-
lated using the VST model, that is, v#%¢d¢ = +£0.55%¢deq,,.,
Here, S@bcde and S@V<'d'’ gre the switching pulses and their
complements to control the IGBT switches, as illustrated in
Fig. 1. Internally, S2*°? is used as feedback through a unit
delay. After generating phase voltages and phase currents,

0% and i can be generated through (16) by considering the

generic variable X € {v;,; }[7].

5
X =X*+jXP = \/g S xledFED
k

=1
le{a,b,c,d,e}

X = X9 4 X = ¢ 0 xoF (16)

Step-3: The estimated value of the rotor angular speed (@)
along with the rotor position (6,) can be generated from the
observer designed in Section III-B. In addition, the observer
provides the estimated value of stator voltage (799), stator
current (i97) and stator flux (1)9%) in dg-domain by utilizing
the transformations mentioned in (16). The inputs to the

dq .dq . .
observer are v; ~ and ¢; ', as shown in Fig. 7.

Step-4. FOC strategy: The estimated value of w,,, is compared to
the reference value of the angular speed of the rotor (w;;,) and
the corresponding speed tracking error (We,yr = Wy, — Wy,)
is controlled by a simple PI controller (speed regulator), as
shown in Fig. 8. k) and &’ are the proportional and integral
constants of the speed regulator. The output of the speed
regulator is the reference g-axis current (:2*). To generate
the reference d-axis current (ig*), another PI controller (rotor
flux regulator) is implemented with proportional and integral
constants of k‘g’ and k?, respectively. The input to the rotor

flux regulator is 1/);?7 o (=00% — 1h%), where )% represents the
reference value of the d-axis rotor flux that can be generated
from the &, ~ ¢%* relationship. Further, i7" and i%* are

compared with the estimated g-axis and d-axis stator currents

Step-6: The reference voltage space vector (vf = pd* + ju

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS.

FPIM Specifications
5— &, 230V, 3.8 kW, 1500 rpm,
Nominal torque, 1), = 22 Nm,
Stator and rotor resistance, Rs = 4.565€2, R, = 9.989 (),
Leakage inductance in a8 and zy plane,
Ljs =L, =42.2mH, Ljs3 = L3 = 5.7mH,
Mutual inductance in o8 and zy plane,
Ly, = 867.7TmH, Ly,3 =95.2mH,
Nominal flux: A\, = 0.867 Wb,
Number of poles, P = 4,
Moment of Inertia J = 0.0772 kgm?

(%g and %g). The estimation process of %gq is provided in
Section III-B. The resultant stator current errors (s:,?s and
si) are regulated through two PI controllers to generate
the reference g-axis and d-axis stator voltages (v?* and v%*).
{k:;g & k;q} and {k:;d & kzd} are the gains of g-axis and d-axis
PI controllers, respectively.

Step-5. Filter control strategy: Once v is generated using

step-4, it is compared with the estimated stator voltage (79%)
and the respective error voltage (sgg:qu*-@gq) is regulated
by a proportional controller, as mentioned in Fig. 8. 99 can be
estimated using the observer described in Section III-B. The
reference value of the capacitor current (ng*) is generated
through this proportional controller by selecting the appro-
priate gain (k;fg &k;g ) selection. In addition, i%7* and 799
are added together to generate the reference inverter current

(i%%). Now, 97 is compared with i%? to get the inverter
dq

current error (Eiq). An PI regulator is used to regulate e
to produce the reference inverter voltage (qu*). These PI
regulator gains (k;g k: : k;q & k;q) are selected appropriately
for better drive performance and are tabulated in Table I.

i)
is converted to v? B as (17) utilizing the estimated rotor angle
(Pu,.)- Py, 1s estimated from the rotor flux space vector (121‘}‘1)
as using py, = tan~! (2/9%), where 1% is estimated using

observer in Section III-B [7].
vy A —

apx| jde _ o,dax jjpy
v, el = el a7

where |v*”*| and 4, are the magnitude and phase of v{"",
respectively. Equation (17) indicates that §, contains the
information of p,;, and precisely controls the drive to achieve
the desired speed.

Step-7. PWM generation strategy: U?B * and the DC-link voltage

(vge) are further utilized to obtain d;,,, as shown in Fig. 6.
Using (10)—(11), d;, is converted to the reference value d, .
The peak value of d, is considered as the DC-link voltage
utilization ratio (m,). It can be seen that m, varies in the
range of [0,0.5257] according to speed requirements. This
performance evaluation is indicated in Section II-B. d}, then
compared with the carrier waveform to generate the switching
pulses {S2bede, §aV¢de’y 1o guarantee the operation of the
constant switching frequency (fs.,). The carrier waveform is
controlled through f,,, which is generated from the switching
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Fig. 10. Hardware prototype for FPTL VSI driven FPIM.

loss control method from Section II-C. The optimized f,,
controls the switching losses of the proposed drive over a
wide range of speed variations.

B. FPIM Drive Modeling and Observer Design

In order to design the speed observer, the complete FPIM drive
modeling including the LC filter is necessary. As mentioned in
Section III-A, v B and i¢ 1 B are generated from the measured vg,
and 124, using the appropriate transformation given in (16). In

af-frame, the LC filter output, that is, the stator side voltage
(62‘5 ) and current (%‘;5 ) can be estimated using the filter inductor

( jﬁ ~ Ly) and capacitor (C’jﬁ ~ () as (18).
00 = v — Lyt and 197 =

— 0% (18)

Furthermore, 07 and i%? are transformed into %9 and 199, by
utilizing (16). The electrical parameters are defined in Table I.
The equivalent stator and rotor inductances can be represented as
Ly=1L;s+ Ly and L, = L;. + L,,, respectively. Now, the ef-
fective stator inductance can be represented as Ly = o L. Here,
o =1-— L% /L,L, represents the magnetizing coefficient. The
variables ks = L,,,/Ls and k, = L,,/L, represent the stator
and rotor constants, respectively. The stator and rotor time
constants can be represented as 7, = L,,,/Ls and 7. = L, /L,
respectively. The effective stator and rotor time constants can be
Ty = 0Ts and 7,» = o7, respectively. By utilizing the voltage
model of the FPIM, the phase-variable model of FPIM can be
represented as (19).

,l/')dq: lwdq+k 5 1wdq+ ~dq
s

Gl = kom0 (=1 A+ o) P (19)
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Fig. 11. Experimental results with SVPWM during scenario-1.

The solution of (19) (1[1;1‘1 i.e., the estimated value of 1/%9) can
be utilized to estimate dg-frame stator flux (i.e., wgq), as given
in (20).

P4 = kap 4 Lyid? (20)

As per (18) and (20), the errors in Efq
estimated 1%, Let 5?;1 = ifq* - %fq be the error in dg-axis stator
current. Now, the observer estimated value with (19) can be
realized in (21).

can indirectly reflect in

B = = s W+ 009 — il sgn (=)

3 = kg 84 () 4l pde sgn<d") 2D

where the complex variables 199 and pd9 are the gains of the
observer. From (19) and (21) the error dynamics can be incurred
as (22).

.dq _ —1_dg —1_dg A d, dq dq
Eyr = —Ty €y T heTy €y + 057 + 1% sgn (el )

T+ o)
d
+ %1% sgn (gif)

In order to compensate the uncertainties due to system dynamics,
the complex gain 1197 need to be chosen high enough, i.e., 137 >>
0. Hence, the low frequency variables should converge to zero,
ie., si‘i — 0and éi‘i — 0. Now, (22) can be reduced to get the

.d d od
Ew‘i:k‘f,sw + (- qur—&-sf;qu

(22)
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low frequency flux error dynamics in (23).

dg _ _Ts dq dq
(1)

eyl = e li— ((—T;‘+j@r) %Jrufq) usqsgn( dq) (23)
T

The stability of the designed observer can be analyzed through
the Lyapunov candidate function given in (24).

1 dq) 1 2
= — (" 0
Vv 2( Epr ) T p(sw) , P>

where p is a weight variable. The dynamics of Lyapunov can-
didate function must satisfy the observer reachability criteria of
(25).

(24)

. . . 1
V=Vi+Vh=ellell +—elél <0 (25)
p

By solving (23) and (25), the components V; and V5 can be
obtained as (26).

b= (o) B ) (60" o ()

5 always positive

Ts . 2 1 ...
— et sgn (<7) + ot
™

Vo= (26)
To avoid oscillation during speed error convergence, V5> must
tend to zero. Hence, V; must be negative definite to satisfy (25).
This means that the variable § must always be negative. Now,
the complex gains can be obtained as (27).

ky

pdt >0, plt=(r' - jo )—+ 5 §<0 (7

ky
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Fig. 13. Experimental results with DPWM during scenario-1.

By solving V=0 using (26), the speed dynamic error can be
obtained as (28).
£ = et = 2 s (20

where p is the number of FPIM pole pairs. ] is the mechanical
speed dynamic error and can be defined as (29).

(28)

ET =W}, — Wm (29)
where w;, is the reference speed command and wj, can be

obtained by utilizing a tracking differentiator (TD) to w;,. By
sglving (28) and (29), the dynamic in estimated motor speed
(@yy,) can be obtained as (30).

T8 dayda (dq)
m pkrwr sgn

From the mechanical dynamics of FPIM, 7}

3.

(30)

Wy, = W

can be derived as

B

. 1 /. ~
L m = T 7 Am = Te - T, )
w Jw + 7 ( L

where B and J denote the damping coefficient and moment of

inertia of FPIM. The estimated electromagnetic torque (7,) of

FPIM can be obtained by (32).

(€19}

7, = %pkr (s — drid) (32)

The estimated value of the load torque (T1) applied to FPIM can
be obtained from the load torque dynamics given in (33).

fL =k (ﬁf sgn (e ) — P sgn (6%)) , k>0 (33)
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where k; is a gain variable. Solving (30) and (31), @,,, can be
obtained as (34).

J P 1 /- .
bm=— 5 (w:n— P s (eff)) = (.- 1)
] (34)
The estimated value of the rotor position (6,.) can be obtained

from (35).
0, = / Plomdt
t

Further, ér is utilized for «3-dq transformation as mentioned
in Section III-A. The speed observer performance depends on
the parameters, which again considers all parameter variations
as disturbance and estimates the speed most accurately. The
detailed structure of the observer is provided in Fig. 9.

(35)

IV. RESULTS AND ANALYSIS

The prototype experimental setup is shown in Fig. 10 for
the SEMIKRON IGBT (SKM100GB063D) based FPTL VSI to
validate the proposed FOC-based switching loss control scheme
under various PWM (SVPWM, CPWM, DPWM) methods. An
on-board LC filter is implemented for better electromagnetic
interference (EMI) control. The inductor core for Ly is made
of EI133 grade ferrite material. Due to the smaller size of Ly
and the wider range of switching frequency, the power density
of the inverter is markedly improved. The OPAL-RT OP5700
[inbuilt digital signal processor (DSP) and field-programmable
gate array (FPGA)] controller is used to implement the control
structure and the Xilinx XC7Z020 FPGA controller is used to
obtain the output of the switching pulse. The maximum and
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Fig. 15.  Experimental results with CPWM during scenario-2.

minimum sampling frequencies of the controller are fixed at
500 kHz and 100 kHz, respectively. A fixed 100 kHz sampling
frequency is used for the control of FPTL VSI. A 3.8 kW FPIM
is coupled to a 5 kW separately excited dc generator for loading.
Both the mechanical and electrical specifications of the FPIM
are summarized in Table I. A voltage sensor (LEM LV25P) and
four current sensors (LEM LAS5S5P) are used as feedback signals
through an integrated ADC of the OPAL-RT. A solid-state
relay-based contactor is used to isolate the power source when a
fault occurs on a VSI or FPIM fault. For recording and evaluating
the results, the digital storage oscilloscope (Yokogawa DLM
2034) is used.

Three separate sets of test scenarios have been designed to
implement and evaluate the proposed FOC switching loss con-
trol scheme for different PWM methods. During these studies,
the condition for lowering CMV and maintaining a constant f,,
through adaptive switching loss control is satisfied.

Scenario-1: 17, = 0 — 10Nm, w;, = 0 — 200 rpm— 1200
rpm— O rpm (Acceleration performance and
low speed operation)

T, =0— 5Nm, w;, =0 — 600 rpm— —300
rpm— O (Speed reversal and low speed opera-
tion)

T, = 10 Nm— 20 Nm— 10 Nm (Load varia-
tion performance)

Scenario-2:

Scenario-3:

A. Scenario-1:Acceleration and Low Speed Performance

This test condition is designed for 77, = 0 — 10 Nm, w};, =
0 — 200 rpm— 1200 rpm— O rpm and the corresponding out-
come for the proposed FOC with switching loss control based
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on SVPWM, CPWM, and DPWM is shown in Figs. 11-13
respectively. The drive acceleration and low speed performance
can be observed in Fig. 11 for the SVPWM scheme, by varying
the speed from zero to 1200 rpm with two steps at ¢t = ¢; = 200
rpm and ¢ = ¢, = 1200 rpm, and finally getting to zero rpm.
Moreover, the load torque is varied from zero to 10 Nm at¢ = ¢
s. Itis observed that the performance indices of drive torque (1),
mechanical drive speed (w,,), error in speed (we,-), and switch-
ing losses of VSI (P;,) are represented from top to bottom,
respectively, in the corresponding graphs. Therefore, it can be
observed that the proposed switching loss FOC control scheme
for the SVPWM method accurately tracks the reference speed
and torque, and the speed error is very minimal. Acceleration,
as well as deceleration, is being performed impressively with
low speed operation. During deceleration, the torque transition
shows a negative torque, which indicates that the drive is in re-
generative mode. The switching loss for this method is observed
at the bottom of Fig. 11(a), and it can be observed that Pj,, is
minimal.

Figs. 12 and 13 show the acceleration and low speed perfor-
mance of the proposed FOC with switching loss control for the
CPWM and DPWM methods, respectively. Like the SVPWM
scheme, CPWM and DPWM provide good acceleration and
low speed performance by tracking speed and torque reference
accurately with a little more torque ripple compared to SVPWM.
Furthermore, during acceleration (during ¢t =t¢; s and t =1,
s), DPWM has more torque ripple compared to CPWM and
SVPWM. With regard to low-speed operation (during ¢ = t3 s),
both methods provide better performance. However, the CPWM
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method has lower switching losses than DPWM and higher than
SVPWM, as shown in Figs. 12(a) and 13(a) bottom.

The stator currents and flux trajectories in the a3 plane are
observed in Figs. 11(a) and 13(a) for all three proposed PWM
schemes. It is observed that the stator currents have a lower
current ripple, and the stator flux is constant with low ripple
content throughout the operation in the FOC with switching
loss control based on SVPWM method. However, in CPWM
and DPWM, the stator currents have a higher ripple than in
SVPWM.

B. Scenario-2: Speed Reversal and Low Speed Operation

The proposed FOC based on switching loss control with
SVPWM, CPWM, and DPWM is evaluated in this test condition
to find the speed reversal and low speed performance of the
drive. For this, the test conditions are consideredas 77, =0 — 5
Nm, w}, = 0 — 600 rpm— —300 rpm— 0, and the results are
presented in Figs. 14—16. Speed reversal is one of the dynamic
operating conditions for evaluating drive dynamics, which is
initiated by changing the reference speed from 600 rpm to
—300 rpm at time ¢ = ¢, s with a load torque of 5 Nm and
shown in Fig. 14(a) for the proposed SVPWM method. It can
be observed that the speed reversal of the drive is very smooth
and the corresponding drive torque, the speed error, is tracking
their reference values with minimal deviations. The switching
loss characteristics for the same are shown in Fig. 14(a) bottom,
which is less than compared to the CPWM and DPWM methods
(Fig. 15(a)) and Fig. 16(a)). Low speed performance can be
observed in the speed reversal itself, where the speed of the
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Fig. 18. Experimental results with CPWM during scenario-3.

drive changes from 600 to -300 rpm, at zero crossing or nearly
zero crossing of the speed. Due to the proposed controller, the
demagnetization effect under low-speed operation is nullified by
selecting the appropriate voltage vectors. This can be observed
in the stator flux trajectories, which are constant throughout the
operation and are shown in Fig. 14(b).

Similarly, the speed reversal and low-speed operation of
the FOC controlled two-level fed FPIM drive for CPWM and
DPWM are presented in Figs. 15(a) and 16(a). The results look
similar to those of the SVPWM method, but the switching
losses are in both cases compared to the SVPWM (DPWM
> CPWM). The stator current and flux trajectories in the o3
plane are shown for all three proposed FOC with switching loss
control based on SVPWM, CPWM, and DPWM are shown in
Figs. 14(b), 15(b), and 16(b), respectively. It is observed that
the proposed SVPWM has less current ripple compared to the
proposed CPWM and DPWM PWM schemes. Coming to the
stator flux, in all three methods, the flux is kept constant and
has less ripple in the SVPWM scheme over the CPWM and
DPWM.

C. Scenario-3: Load Variation Performance

In this case, the drive is tested on load rejection properties
by varying the load torque of 77, = 10 Nm — 20 Nm— 10 Nm
with a constant speed reference of 1500 rpm. First, the drive runs
at a rated speed with a load torque of 10 Nm, then at ¢t =%, s
the load torque increases from 10 Nm to 20 Nm. Later, the load
torque is reduced from 20 Nm to 10 Nm at time ¢ = ¢; s, as
shown in Figs. 17(a), 18(a), and 19(a) for the proposed SVPWM,
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Fig. 19. Experimental results with DPWM during scenario-3.

CPWM and DPWM schemes. It is observed that the drive is
capable of handling the load in all three cases very smoothly,
even if a sudden load change occurs. Furthermore, it can be
observed that the drive speed is maintained constant throughout
the operation with minimal speed error (we.). The proposed
FOC with SVPWM switching loss control has a lower switching
loss under load variation (from t = t; — ¢, s) over the CPWM
and DPWM (DPWM> CPWM).

The stator current and flux trajectories for all three methods
are shown in Figs. 17(b) and 18(b) and Fig. 19(b). It is observed
that the stator flux is constant and maintained in the circle
throughout the operation with a ripple-increasing manner for
SVPWM, CPWM, and DPWM. The stator currents are regulated
according to the load and have a lower ripple content in the
SVPWM than the CPWM and DPWM. From these test condi-
tions, it is concluded that the drive is tested in both steady-state
and dynamic conditions with various tests. The comparison
charts and conclusions are made in the following comparison
section.

D. Filter Performance Analysis

The drive performance with the filter effect in terms of input
line voltage (v?), stator line voltage (v%?), and phase volt-
age (v2) and phase current (¢2) are presented in Figs. 20-22
for SVPWM, CPWM, and DPWM, respectively. The drive
is operated under two different loading conditions (77, = 20
Nm and 77, = 10 Nm) at constant speed. It is observed that
the SVPWM based FOC scheme provides smooth voltage and
current waveform after filtering, which is nearly sinusoidal,
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as shown in Fig. 20(a) and (c) for full load and half load,
respectively. Similarly, the results of the proposed CPWM and
DPWM schemes for full load and half load are presented in
Figs. 21(a), 22(a), 21(c), and 22(c), respectively. It is observed
that the obtained outcomes are similar in nature but have more
current and voltage ripples compared to the SVPW scheme.

Also, in Figs. 20(b) and (d)-22(b) and (d), the stator phase cur-
rents (¢2 - - - i) can be observed at full load and half load for the
proposed FOC with switching loss control for SVPWM, CPWM,
and DPWM schemes, respectively. It can be observed that the
overall current ripples are less in the SVPWM scheme compared
to the CPWM and DPWM schemes (DPWM > CPWM).

Fig. 22.
Ty, = 20 Nm (with (a) and (b)) and 77, = 10 Nm (with (c) and (d)).
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Fig. 23. Experimental results with comparative study at 77, = 10 Nm.

E. Comparison Performance

The proposed FOC with a switching loss control based on the
SVPWM (SVPWM-FOC), CPWM (CPWM-FOC), and DPWM
(DPWM-FOC) schemes is compared and presented in Fig. 23.
The performance indices are dc-link voltage utilization, switch-
ing loss comparison, switching frequency comparison, and total
harmonic distortion (THD) comparison. The dc-link voltage
utilization plot is shown in Fig. 23(a) for the SVPWM method,
which is achieved between the per-unit speed (k,,) versus modu-
lation index (m,). The voltage utilization is observed to depend
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on both the drive speed and the modulation index of the proposed
SVPWM, CPWM and DPWM methods. The dc-link voltage uti-
lization for all these three methods is nearly the same; hence, it is
not shown for the other two methods. The variations of switching
loss (Ps,,) and switching frequency (fs,,) variations at different
operating speeds are plotted in Fig. 23(b) for the SVPWM-FOC,
CPWM-FOC, and DPWM-FOC schemes. The plot (solid blue
line) corresponding to SVPWM-FOC represents that the drive
operates with a 1.9 kH z switching frequency and contributes
66 kW of switching loss at 50% of the rated speed, that is,
k., = 0.5. Similarly, it can be seen that the graphs corresponding
to CPWM-FOC (green dotted line) and DPWM-FOC (pink
dotted line) are used to interpret both f,, and Ps,, in Fig. 23(b).
The scale of Pk, is adjusted in correlation with the available data
for feuw ~ k. The proposed SVPWM-FOC scheme has lower
switching losses over the other two proposed CPWM-FOC and
DPWM-FOC schemes (CPWM-FOC < DPWM-FOC). Itcan be
concluded that the switching losses are lower at low PU speed.
At higher operating speed, switching losses are more compared
to lower operating speed. The THD vs. modulation index is
plotted in Fig. 23(c) for the proposed FOC with switching loss
control for SVPWM, CPWM, and DPWM. It is observed that the
THD of SVPWM scheme is lower than the other two methods;
this is due as the SVPWM scheme eliminates the harmonic
content in the output voltage and current. As the modulation
index increases, the THD value gets lower and lower. Hence, it
is concluded that the proposed FOC with switching loss control
method based on SVPWM, CPWM, and DPWM provides better
speed torque characteristics under various testing conditions
with low switching loss and better THD. Of all, the SVPWM
scheme has better performance than the CPWM and DPWM
schemes.

V. CONCLUSION

Controlling switching losses in an FPTL-VSI-fed drive with
continuous and discontinuous SVPWM has been demonstrated.
This paper includes a detailed analysis of the proposed current
ripple analysis to control the switching loss. In terms of stability
and dynamic response, the prototype with an optimum switching
frequency scheme performs well. For the FPTL VSI-fed FPIM
drive, the zero-sequence injection scheme is proposed to form
SVPWM, CPWM, and DPWM, which can be implemented
in the full speed range. The hardware results of the proto-
type have been validated using the proposed method, including
CPWM and DPWM. Compared to traditional inverters with
fixed switching frequencies, the efficiency and power density
of the proposed method are significantly higher. Further, the
effects of parasitic, parameter dependencies, and noise filtration
on the switching frequency estimation of LC-filter based FPIM
drives is a potential subject for the future consideration.
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