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Abstract

This paper presents a closed-loop control scheme of the AC-DC-AC nine switch converter (NSC) with induction motor
operated under dynamic loading conditions. In industries, induction motors are widely used which are operated at lagging
power factor and different loading conditions. The electrical distribution company demands high power factor operation, and
it gives benefits to the consumer on operating a system closer to unity. The scope of this paper is to control active and reactive
power flow between NSC-drive and utility within NSC converter operating constraints. The control scheme is developed such
that the active power required for the induction motor is directly transferred from the utility without affecting DC-link voltage.
Also, the NSC with induction motor is used to operate at unity power factor and even at leading power factor. On operating
NSC at desired leading power factor, the required reactive power at the point of common coupling can be compensated. The
proposed control algorithm is implemented in MATLAB software as well as in the hardware. The 5 KVA prototype of NSC
is developed in the laboratory. Software and hardware results confirmed the practicability of the proposed control technique.

Keywords Digital signal controller - Nine switch converter - Twelve switch converter - Induction motor - Reactive power

1 Introduction

Evolution of powerful semiconductor devices and high-speed
digital signal controller (DSC) offered the opportunity for
innovative circuit techniques. There has been an increased
interest in reduced switch topology of power converter
among the researchers [1,2]. Reduction in power switches
leads to compact circuit design, lowering cost and increase
in efficiency. Practical implementation of high switching
power devices with modified pulse width modulation (PWM)
techniques is possible with high-speed DSC processor [3.,4].
Many DSC manufacture companies developed application
dedicate DSCs which are cheap in cost and consume less
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power. These DSCs have built-in high-speed PWM mod-
ules to operate power electronics switches, analog to digital
converter (ADC) and digital to analog converter (DAC) to
process signal inside the processor, input capture to mea-
sure the pulse frequency, timers, output compare to generate
interrupt signal on match event, quadrature encoder interface
(QEI) to measure speed. A single DSC can be optimally used
to control power electronics converters [5,6].

The conversion of AC-DC-AC is required for many
industrial applications. Various topologies are available in the
literature for AC-AC conversions, e.g., conventional twelve
switch converter (TSC) [7], matrix converter [8], sparse
matrix converter, etc., [9]. These converters require more
active switches and complex logic control [10]. The use of
many power switches increases the cost, and at the same time,
it reduces the reliability of the power conversion system. For
the equal rating of converters, the reduction in the number of
active switches reduces drive circuits and power losses of the
circuit. Thus, the cost, size, and weight of the circuit reduce
with the increase in reliability and efficiency [11]. The NSC
requires only nine active switches for AC-DC-AC conver-
sion in a single stage as shown in Fig. 1 [12]. The NSC has
2 three-phase independent terminals with common DC-link.
The NSC can be operated as DC-AC, with DC as an input
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source and two independent three-phase AC output. It can
be used as AC-DC-AC with DC and AC output. The hybrid
input configuration is also possible with renewable DC and
three-phase AC source as input and single three-phase output
of the NSC. Depending upon the various connection config-
urations of AC-DC sources and load, various applications
are found in the literature. Figure 2 shows various applica-
tions of the NSC. It is used as a three-phase single input and
dual output matrix converter [13], dual input and dual output
z-source inverter [14] and grid integration of hybrid AC/DC
energy resources [15] as shown in Fig. 2a—c. Figure 2d, e
shows the application of NSC for the electric vehicle based
on the bidirectional z-source inverter with battery charging
and motor drive [16,17]. The NSC with three-phase AC input
and AC output is used in uninterrupted power supply [18],
distributed generation station [19], and wind power system
[20] which is shown in Fig. 2f-h.

The reduced in switch count imposes certain operating
criteria of the NSC. When NSC is operated at different fre-
quency modes, e.g., adjustable speed drives, the DC-link
voltage requirement goes to twice of the rated voltage com-
pared to the conventional TSC. However, when the NSC is
operated at a constant frequency as in UPS, the rated volt-
age requirement is equal to TSC. The application criteria of
the NSC confirm that the efficiency of NSC, when operated
at constant frequency, is more as compared to TSC [19,21-

Fig.1 Induction motor driven

23]. Due to these merits, the NSC is operated under constant
frequency mode.

In industries, for various applications, the number of
induction motors is operated at constant speed and variable
loading condition, e.g., water pump, cooling fan, and exhaust
fan. These induction motors are operated on lagging power
factor which absorbs reactive power from the utility. The
electrical distribution company emphasis on the operating a
system closer to unity power factor. It gives incentives to the
consumer on operating system at good power factor closer to
unity. In the proposed control scheme, the NSC with induc-
tion motor is not only operated at unity power factor but also
at leading power factor delivering reactive power from NSC
to the point of common coupling (PCC) to achieve utility
unity power factor operation. The closed-loop control tech-
nique for NSC is developed such that it controls real and
reactive power independently. With the change in loading on
induction motor, NSC is operated at desired power factor.

In summary, this paper features:

— Operation of the utility-connected NSC with induction
motor load at unity power factor.

— The NSC is operated as rectifier and inverter simultane-
ously. For rectifier operation, instantaneous utility angle
is tracked using synchronous reference frame phase lock
loop (SRF-PLL).

by NSC using DSC NS-BTB VSC :
Vs Vin 5
| E K F G i
I - | SI S4 S7 H
i i, a i
H b Cq M :
1 ~ N c H=F W '
vy ) e ch<cili'h
S, Ss Ss N i
X 5 v J_
- CE—
z H \ o
Voltage/Current '
Sensor _'l;} — _'Ig Induction
\L \L\L S; Se So Motor
Signal :
Conditioning N 2
| Si S2 S3S4S5 S S7Ss Sy | 1
0 N N e N N N A Voltage/Current
| Gate driver circuit
TP DD DD l
Optical isolation circuit Signal
/]\ /]\ /I\ /I\ /[\ /[\ /[\ /[\ /l\ Conditioning
Buffer circuit
hd
ADC I ePWM Pulses I ADC

Logic Controller
dsPIC33EP512MU810 DSC

S @ Springer



Arabian Journal for Science and Engineering (2019) 44:6827-6840

6829

— The algorithm for closed-loop control of NSC with induc-

tion motor is implemented in DSC dsPIC33EP512MUS10.

— The algorithm is developed such that the real power
required by the induction motor is transferred directly
from the utility, without affecting DC-link voltage under
dynamic loading on the induction motor.

— By operating NSC at leading power factor, reactive power
is transferred from converter to the utility.

— The NSC s operated under constant frequency operation;
thus, efficiency is more as compared to the convention
TSC.

The paper is structured as follows. In Sect. 2, the operation
of the NSC and generation of the gate signal are presented.
Total loss comparison between NSC and TSC is presented
in Sect. 2.1. The proposed closed-loop control scheme is
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Fig.2 Various applications of the NSC. a 3-Phase single input and dual
output matrix converter. b Dual input and dual output z-source inverter.
¢ Grid integration of hybrid AC/DC energy resources. d Bidirectional
z-source inverter with battery charging and motor drive. e Integrated

explained in Sect. 3. In Sect. 4, tracking of instantaneous
angle of the utility is explained. The simulation and experi-
mental results are presented in Sects. 5 and 6, respectively.
Finally, the conclusion is drawn in Sect. 7.

2 Nine Switch Converter
2.1 Operation

Figure 1 shows the induction motor driven by NSC using
DSC. The source inductor (L) is connected between three-
phase source and NSC. The DC-link capacitor (Cy) is
connected as an intermediate source. Points a, b, and ¢ are the
input terminal, and x, y, and z are the output terminal points.
Three switches are connected in series in a single leg. These
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Fig.3 Phasor representation. a dn ar
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three legs are connected in parallel to form NSC. Point N
is negative terminal of DC-link. The dsPIC33EP512MU810
DSC is used to control the operation of the NSC. The ADC
module of DSC is used to measure system voltages and cur-
rents continuously. To measure voltage and current, LEM-LV
20P and LA 25A sensors are used. The signal conditioning
circuitry is developed to interface sensor output to the DSC.
The high-speed PWM of DSC is used to generate desired
gate pulses. These PWM pulses of DSC are unable to drive
the power devices due to its low electrical characteristics.
Thus, these PWM pulses are processed through the buffer
circuit, optical isolation circuit, and gate driver circuit. The
buffer circuit amplifies the PWM pulses. The optical isolation
circuit provides the isolation between the power circuit and
low power DSC circuit. The gate driver circuitry drives the
power devices by supplying appropriate PWM pulse current
magnitude.

The NSC simultaneously operated as a rectifier and
inverter in the single stage. For the operation of the rectifica-
tion and the inversion, two modulating references (Ref;e. and
Refi,y) are required which are compared with single carrier
reference to get desired gate pulses. As shown in Fig. 1, the
Vs is the utility phase voltage. The V;, and V,; are the input
and output phase voltages of the NSC. The voltage magni-
tude and frequency of the V;, and V¢ depend on modulating
references Refi. and Refj,y, respectively. The common DC-
link capacitor voltage V; is shared for rectifier and inverter
operation. The sinusoidal pulse width modulation technique
is used. Thus, relation between V;, and Vy,; with common
DC-link is given by

Vin = Refiec Vi /2 ()
Vour = Refiny Vi /2 ()

The active power flow from source to NSC is mainly
dependent on the angle § between V; and Vj,. Also, DC-
link capacitor voltage depends on the charging of capacitor
which indirectly is based on the angle §. The reactive power
exchange between source and NSC mainly depends on volt-
age magnitude of V and Vi, [24,25]. Figure 3 shows the
phasor representation of supply side and load side variables.
As shown in Fig. 3a, magnitude of Vj, is greater than mag-
nitude of Vj; thus, source phase current (i5) leads Vi by an
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Fig.4 Utility phase voltage and phase shifted modulation references

angle ¢, delivering reactive power from NSC to the utility.
Figure 3b shows phasor representation of load side where
load current (i7) lags NSC output phase voltage (Vo) by
load angle ¢r.. The magnitude of Vi, and V is dependent
on DC-link voltage as per (1) and (2). Thus, real and reac-
tive power is dependent on angle §. In ideal conditions, i.e.,
neglecting the resistance (R;) of source inductance, real and
reactive power is given by

Ps = (VyVinsin8)/X 1, 3)
Qs = (V2 — ViVipcos )/ X1 )

The angle § is controlled by shifting Ref;.. with respect to
Vs as shown in Fig. 4. Thus to control real and reactive power
of the NSC, sinusoidal modulating references are modified.
The three-phase modulation references are given by

Refrec ¢ = m, sin(0 + 8) +dcy,
Refrec p = m, sin(@ — 120° + 8) + dc¢,
Refrec_ o = m,sin(6 + 120° 4 8) + dcy,
Refiny x = m;sin(0 4+ 6) —dcr
Refiny_y = m; sin(6 — 120° 4 6) —dcp.
Refiny ; = m; sin(@ 4+ 120° +6) — dcy,

&)

where m, and m; are the modulation indices of rectifier and
inverter, respectively. The angle 0 is the instantaneous angle
of the utility, and § is a phase shift angle. A small dc-offset
dc, and dcy, is added and subtracted from Refy.. and Refj,y,
respectively, to satisfy the switching constraints of the NSC
detailed in next subsection.
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Fig.5 Nine switch converter
Table 1 Switching states
Switching states (SS) S S> S3 Vao Vxo
Valid states
1 1 1 0 Val2 Val2
2 1 0 1 Val2 —Val2
3 0 1 1 —Val2 —Val2
Forbidden states
4 1 1 1 0 0
5 0 0 0 0 0
6 1 0 0 Val2 0
7 0 1 0 0 0
8 0 0 1 0 —Val2

2.2 Generation of Gate Signals and Switching
Constrains

To understand the generation of gate signals, one leg of an
NSC is considered as shown in Fig. 5. The terminal o is the
midpoint of the DC-link capacitor. There are three switches
connected in series in each leg. They made eight possible
switching states (23) as shown in Table 1. Among these, only
three (1-3) switching states are valid. The rest of the switch-
ing states (4—8) should not be consider to avoid short circuit
of the DC-link and open circuit of the inductive load. The
terminal voltages V,, and V,, are measured for the valid
switching states. It is observed that upper terminal voltage
(V40) is always greater than or equal to the lower terminal
voltage (Vy,).

Vao = Vxo (6)

Vao and Vxo are the function of DC-link capacitor voltage
and corresponding duty cycle D; and D,. Thus, it can be
related as follows:

Fig.6 Gate signal generation

Va/2Q2D1 — 1) = V4/2(2Dy — 1) @)
Dy > Dy (3

which represents a constraint to avoid switching states 4 to 8
operation. To ensure this condition, a small dc-offset is added
and subtracted with rectifier and inverter references, respec-
tively, as given in Eq. 5. Figure 6 shows gate pulse generation.
Two modulating references Refi.. and Refj,, are compared
with single carrier waveform. Analyzing the terminal volt-
ages V,, and Vy,, when S; (upper switch) is high, V,, is
positive and when S3 (lower switch) is high, V., is negative.
The complimentary of S3, i.e., S5 gives positive Vy,. Thus,
complementary logic is applied to the lower switch signal.
Gating signal for the middle switch is then generated by per-
forming logical operation S, = S| @ S3, where @ is the
XOR operator.

3 Closed-Loop Control of NSC-Drive
3.1 Proposed Control Scheme

Figure 7 shows the proposed closed-loop control scheme
of the NSC. The NSC operates in rectifier as well as in
inverter mode simultaneously. For desired rectification oper-
ation, instantaneous utility angle 6 must be known. To track
the instantaneous angle of the utility, SRF-PLL is developed.
This angle 6 is used to generate modulating references as
given in (5). The real and reactive power flow is controlled
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Fig.7 Proposed control scheme
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Fig.8 Representation of NSC with induction motor system. a Equivalent circuit diagram. b Equivalent phasor diagram

independently such that with the change in motor load, real
power is directly transferred from the input source keeping
the DC-link voltage constant. The control scheme is devel-
oped in such a way that, with a varying load, NSC operates
at desired reactive power reference. To achieve independent
control of real and reactive power flow, two current refer-
ences ij and i, are used, respectively. To find i}, input and
output real power of NSC is equated. Reactive power mainly
depends on magnitude difference between Vi and Vi,. Thus,
the expression for Vj, is derived to achieve desired reactive
power exchange between NSC and utility. As shown in Fig. 7,
both input and output instantaneous powers of the NSC are
measured to generate reference real and reactive current sig-
nals. For simplicity, equivalent circuit and phasor diagram of

@ Springer

the NSC with induction motor are drawn as shown in Fig. 8.
Figure 8a shows DC-link capacitor is shared by both the recti-
fier and inverter operation. The rectifier and inverter voltages
are the function of common DC-link voltage V. Thus, com-
bining phasor diagrams shown in Fig. 3a, b, equivalent phasor
diagram of complete NSC with V; as a reference is redrawn
in Fig. 8b. A dg-reference representation of a three-phase
system is used for control and analysis for the NSC. For a
three-phase system, real and reactive power is given by

3
P(t) = 5Va®ia(t) + Vq(1)ig(1)] ©))

3
Q@) = F[=VaWig(t) + V4 (1)ia(®)] (10)
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N VA
in ) ind lsd i = l.;kd + ji:q (24)
Buusing (11), (15), and (16), real power at the inverter output From (23) and (24)
side is given by
Vin = (Vs — Ryij; + Xsi;"q) — j(Rsi;“q + Xik,) (25)

3 .
Pout = E[Voutd i1d] (16)

where i;4 is d-axis component of load current. Assuming the
NSC to be loss less and applying power balance criteria,

Pin = Pout (17)

3 . 3 .
E[Vind isd] = E[Vautd i1q] (18)

As the same dc-link is shared by the rectifier and inverter,
Vina and V14 1s given by

Vina = Refrec Va/2 (19)
Voutd = Refinv Vd/2 (20)

By using (17), (18), and (19)
m; |,
isd = [—] id (21)

Equation (23) gives relation between source current and load
current in terms of modulation index of rectifier and inverter
reference. From the phasor diagram ij; is given by

mi | .
isq = [—} ij cosQo (22)

r

where ¢, is load phase angle. Rectifier terminal voltage is
given by

Vin ="V, — (Rs + sz)is (23)

The rectifier input terminal voltage magnitude and phase
angle is given by

Vin = |Vin|liS (26)

where

Vinl = (Vs = Ryity + Xoit )2+ (Ryif, + XiZp? (27)
(Rif, + Xi%y)
(Vs = Ryi¥y + Xsit,)

1

/8 =tan~ (28)

From (29) and (30), it is observed that the magnitude and
phase angle can be controlled by generating reference cur-
rents i*s4 and i*y,. The (24) is used for the generation of
i*sq reference, and i*y, is calculated from required reactive
power compensation.

3.2 Relation Between 6 and DC-Link Capacitor

The reactive power transfer is dependent on the magnitude
of Vin. Vin is a function of DC-link capacitor voltage.

Vin = K1Va (29)
For sinusoidal pulse width modulation technique,
K1 =m, /22 (30)

This DC-link voltage is a function of angle é. The relation
between DC-link voltage and angle § is determined by power

@ Springer
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Fig. 10 Effect of § and loading on m;

balance condition between source side and intermediate DC-
link capacitor. The source current iy which is controlled by
the magnitude and angle of Vj, charges the DC-link capacitor.
Thus, power balance equation can be expressed in d-q frame
as follows:

Vaiae = Vindgisa + Vinqixq 3D

Phasor representation shown in Fig. 3a gives relation
between source voltage and Vj,. The phasor diagram can
be expressed in d—q frame as

Vsa = Vina + Rsiga — Xsisq (32)

Vsq = Vinq + Rsisq + Xsisa (33)

From (34) and (35),

—R,V; XsVsg — Xs'Vi

ig = s Vind +2 N sq2 s Ving (34)
R: + X;

. —RyVipg + Ry Vg + X Vina

sy = s Ving . s sq2 sVin (35)
R; + X;

Aligning V; to d-axis

Vog =0, Vg = V3V, (36)
Vind = v/3|Vin| cos 8 37)
Ving = —~/3|Vin| sin 8 (38)

By using (31)-(40),

iqc(R}) + X}
3K?R,

Vs

RyK;

(Rycosd — X;sind) — 39)

@ Springer

Fig. 11 Sensor circuit with DSC

As V; is common for the inverter and rectifier operation,
inverter output voltage is given by:

Vour = K2 Va (40)

where,

K, = i 41)
232

From (39) and (40), inverter output voltage is given by

K>V,
Vour = RZ—KSl(RS c0s 8 — X, sin8) —

N

igcK2(R?) + X?
3K7R,
(42)

To study effect of variation of § and loading of NSC on
inverter output voltage, (41) is used. If m, = m; = 1, then
K1 = K, = 0.3535. The analysis is carried out considering
practical condition with source inductance of 10 mH and its
internal resistance of 1.63£2. Let; V; be 1 pu. Figure 9 shows
the relation of V,; with respect to change in 6 and loading. As
Refr g is phase shifted by an angle § (negative) with respect
to Vi, Vour (pu) increases. Also it is observe that as load
increases, i.e., iz (pu) from O to 1 pu, Vi decreases. Thus,
with the increase in load, § should be increased to achieve
constant Vy,; voltage. To drive induction motor, inverter out-
put voltage must be constant irrespective of change in Vy
and variable loading condition. Thus, to achieve constant
Vout, mi of NSC is changed. Figure 10 shows variation in m;
with respect to § and loading. For reactive power compen-
sation, DC-link voltage is increased by shifting Refi.. with
respect to V by an angle §. Also with the change in loading
m; should be varied so as to achieve constant Vo, voltage.
It is observed that under loading condition, proper § must be
maintained for active power flow to avoid non-operation area
of the converter. Otherwise, required m; may be greater than
1, which results in over-modulation of the converter and this
leads to increase in harmonics in Vyy;.
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4 Tracking of Instantaneous Angle of Utility

For the generation of modulation reference of rectifier Refie.
of NSC, instantaneous angle 6 is needed. The SRF-PLL
technique is incorporated to track instantaneous angle 6.
The algorithm is implemented in dsPIC33P512MUS810 DSC.
To implement SRF-PLL, three-phase voltage signals are
required. The three-phase voltages are sense using Lem
LV-20P voltage transducers. The electrical operating char-
acteristic of DSC is 0-3.3 V. To convert sensor output within
DSC operating range, signal conditioning is done using op-
amp IC OP-07. Figure 11 shows the arrangement of sensor
and op-amp circuit. The source phase voltage is sensed and
converted into 0-3.3V which is in DSC operating range.
For single phase, signal conditioning using sensor and op-
amp is shown in Fig. 12. The input source voltage is stepped

152
Time (s)

(b)

g.15 NSC input and output line voltage. a NSC input line voltage. b NSC output line voltage
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Fig.16 Performance of NSC under varying i; reference. a Effect of step
change in reactive current reference. b Source phase voltage (Vy) and
current (i5). ¢ DC-link capacitor voltage. d Change in inverter amplitude
modulation index. e Constant load current

down to 1.5V (peak). A dc offset of 1.5V is added using
OPOQ7 IC such that negative half cycle is shifted up. The pro-
cessed signals have a 3V peak which is in the range of DSC.
These three-phase analog signals are converted to digital for
PLL operation inside the DSC. The phase angle of utility is
extracted by implementing SRF-PLL in the software of the
DSC. As shown in Fig. 13, the utility voltage is converted into
stationary coordinates (¢, 8) by Clarke transformation. These
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Fig. 17 Performance of NSC when i;‘ = 0 A under varying load con-
dition. a Utility phase voltage (V) and current (i ). b DC-link capacitor
voltage. ¢ Change in §. d Per phase input reactive power. e Change in
load current from half to full load

coordinates are transformed to rotating reference (d, ¢) by
Park transformation. The angular position of dgq reference
is regulated by a feedback control loop that forces V, to
zero. The loop filter is designed using proportional integrator
[26,27]. Toimplement in DSC, the loop filter is developed in a
discrete time domain by taking z-transform of the continuous
equation. Thus, instantaneous angle 6 of utility is extracted
and used for generating references for rectifier operation. The
experimental result of tracking of utility instantaneous angle
6 is shown in Fig. 14.
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Table2 Simulation results

[V, = 230 V /phase, m, = 0.8]

i*=0A

! Va1 (V) is (A) 8° (degree) Va m; Viy1 (V) i Input P.F Input reactive power/phase
% THD % THD V) % THD (A) (VAR)

Half load 388.2 3.98 3.16 782 0.837 401 5.3 0.99 0
89.6 4.6 85.53

Full load 381 6.98 5.6 770 0.85 402 7.6 0.99 0
89.79 3.2 86

5 Simulation Results

MATLAB simulation is performed with three-phase, 5.4 hp,
4 pole, 400 V, 50 Hz induction motor driven by NSC. The
values of L, Ry, m, are 10 mH, 1.63€2, and 0.8, respectively.
The switching frequency of the converter is 9kHz. To test
the proposed control scheme, two cases are considered. In
the first case, motor load is kept constant and i;; reference
is varied. In the second case, reactive current reference (i;‘)
is kept constant and the motor load is changed from half
load to full load. Figure 15a, b shows NSC input and output
line voltage, which depends on the magnitude of DC-link
capacitor voltage.

5.1 Case 1

As shown in control scheme (Fig. 7), to operate NSC at
desired reactive power, i ;‘ current reference is required. To
test the performance of NSC for desired reactive power oper-
ation, the i;; reference current is changed in three steps 3 A,
0 A, and —3 A. Keeping constant loading the performance of
NSCis studied. Figure 16a shows actual i, follows reference
iy- The effect of the step change in i; reference is observed
in Vi and iy shown in Fig. 16b. The Zoomed part shows that
when i;‘ =3 A, i, lags Vy; when i(’; = 0 A, i, is in phase with
Vs, and when ic’l‘ = —3 A, i leads V. Figure 16¢ shows as
per change in reference i;‘ from 3 A to —3 A, DC-link capac-
itor voltage is increased. As the DC-link voltage is increased,
inverter modulation index is decreased to maintain inverter
output voltage constant. This is shown in Fig. 16d. Figure 16e
shows constant load current although there is variation in iy
reference.

5.2 Case 2

Performance of NSC when i;‘ = 0 is studied under varying
load conditions as shown in Fig. 17. Initially, induction motor
is operated at half load and after 1 sec, it is operated at full
load. Figure 17ashows Vs and ;. As i reference is kept 0, the
zoomed part of Fig. 17a shows that i is always in phase with
Vi, only the magnitude of i; is changed. Figure 17b shows a

stable DC-link voltage although there is the change in load
condition. Of course there is a small drop in DC-link capaci-
tor voltage. This is because of the internal resistance of source
inductance. In practical systems, some internal resistance of
source inductance is always present. Hence, a small internal
resistance is included in simulation study also. Figure 17¢
shows variation in power angle § with the change in load. As
the load changes, § is changed to supply required real power
to get the faster response without dropping DC-link voltage
level. Figure 17d shows that per phase input reactive power is
zero although there is a change in load. This is because, i; is
set at 0. Figure 17e shows induction motor current at the half
and full load. Table 2 summarizes all the system parameters
keeping i reference constant and varying load condition.

The above simulation study reveals that the design of the
proposed controller is perfect. The controller performance is
verified under dynamic loading and different reference reac-
tive power cases.

6 Experimental Setup and Results

To realize simulation results, the experimental setup is devel-
oped in the laboratory. Figure 18 shows prototype setup with
the naming of various components. The results are taken in
dynamic condition to ensure the feasibility of the closed-loop
control of NSC-drive. Table 3 shows all the setup specifica-
tions. Figure 19 shows NSC input and output line voltages.
Experimental verification is done for two cases. In the first
case, I ;]“ reference is varied and induction motor load is kept
constant. In the second case, i; reference is kept constant and
induction motor load is varied.

In the first case, i;‘ reference is varied in three steps, i.e.,
+ 0.4 pu, 0 pu, and — 0.2 pu with constant load on an induc-
tion motor. The effect of a change in i;‘ reference is observed
on the power factor of the utility and amplitude of source
current (i,). When reference ij]“ is + 0.4 pu, i, lags to Vi by
40°, i.e., power factor is 0.76. After step change of i; from
+0.4 to 0 pu, i, is in phase with V. With the step change
of i(’; from Opu to — 0.2 pu, i, leads to V; by 20°, i.e., power
factor is 0.93. The effect of a step change in i; reference on
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Fig. 18 Experimental setup

Table 3 Experimental Setup

Item Specification

AC source 0-110 V

Source inductance 10 mH

IGBT KGT25N120NDH
Gate driver IC MIC4425

DSP dsPIC33EP512MU810
Software MPLAB X IDE v2.10
Sensors LV-20P, LA-25P

Induction motor 1 hp, 4 Pole, 110 V, 50 Hz
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Fig. 19 NSC input (Vap) and output (Vxy) line voltage
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Fig.21 Per phase reactive power for different i reference

utility phase voltage and current is shown in Fig. 20. With
the step change in i, reference DC-link capacitor voltages
is also changed. Figure 20a shows lag to unity power factor
operation of NSC. The DC-link voltage is increased from
360 to 400 V. Figure 20b shows unity to leading power factor
operation of the NSC. The DC-link voltage is increased from
400 to 430 V. The experimental per phase reactive power is
measured for all the i ;‘ reference. It is observed that when i ;1“
is + 0.4 pu, reactive power is absorbed from the utility. When
iy 1s Opu, there is no reactive power transfer between NSC
and utility. When the i7 is — 0.2 pu, reactive power is deliv-
ered to the utility from the NSC. Thus, operating at desired
i;‘ reference, reactive power can be compensated. Figure 21
shows effect of a step change in i;; on the system VAR. Fig-
ure 22 shows three-phase induction motor current.

In the second case, the performance of NSC is tested keep-
ing i; reference constant, i.e., i:]" = O pu. Figure 23 shows
induction motor current and DC-link voltage. It shows that
although the load is varying gradually from no load to full
load, DC-link voltage remains constant. As DC-link voltage
remains constant at 400V, reactive power transfer between
utility and NSC remains constant. Figure 24 shows V; and i,
at induction motor half load and full load condition keeping

Unity P.F Leading P.F

L

I g I @ Acq Complete B Pos: —17.00ms
~

iy* step change /

(a)

<«—> 25 ms/div

- <
- 7] <« 25 ms/div
i,* step change

(b)

Fig.20 Effect of step change in i reference on utility phase voltage and current. a Effect of step change in i7 from + 0.4 to 0 pu. b Effect of step

change in iy from 0 to — 0.2 pu
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* = ( pu. Figure 24a, b shows that V; and i, is in phase at 7 Conclusion

half load as well as at full load.
In this paper, a closed-loop control scheme is developed
for NSC-drive with reactive power compensation. The NSC
A~ O Stop* M Pos: 0.000s is not only operated at unity power factor but also oper-
ated at leading power factor delivering reactive power from

NSC to the utility. The proposed control scheme is tested
under dynamic loading condition on an induction motor.
The mathematical and graphical analysis is presented to
study the effect of loading on power angle 6 and various
parameters of the NSC. To track the instantaneous angle
0, SRF-PLL is implemented. The control logic is imple-
mented in DSC dsPIC33EP512MUS810. The software and
experimental results validate the proposed closed-loop con-

<« >
5 ms/div trol technique for reactive power compensation at variable

loading condition.

Fig.22 Three-phase induction motor current

Fig.23 Constant DC-link TeksStoo
voltage with change in load on
induction motor

aRIER D -Vd-(l-OO V/dw) A

'l'e Prefu : — 1= :
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‘U,- Sy M@; RN \
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T_im,e‘ 10 m_s:/div
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Fig.24 Source phase voltage and current at ij; = Opu. a V; and i, at half load. b V; and i; is at full load
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