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Generalized Frequency Domain Formulation of the
Switching Frequency for Hysteresis Current
Controlled VSI Used for Load Compensation
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Abstract—In this paper, a generalized frequency domain method
is proposed to obtain the switching frequency formulation for hys-
teresis current controlled voltage source inverter (VSI)-based shunt
compensator. The formulation obtained from the high-frequency
model based on the Tsypkin’s method explicitly shows the rela-
tion between the maximum switching frequency with the system
and design parameters. The shunt compensator has been used for
the load compensation in a distribution system for both weak and
strong feeder supplying a nonlinear load. The maximum switching
frequency has been shown related with hysteresis bandwidth and
parameters of the VSI, feeder, and load of the distribution system. It
is shown that the feeder and load reactance has a significant effect in
determining the maximum switching frequency for the weak feeder
distribution systems. However, the maximum switching frequency
is mainly dependent upon the shunt compensator parameters for
strong feeder distribution systems. The minimum switching fre-
quency in general depends upon the modulation depth of the VSI.
The results are verified using as power systems CAD (PSCAD)
simulation studies for single-phase load compensation. A labora-
tory model distribution system has been used for the experimental
verification.

Index Terms—Hysteresis current control, modulation depth,
nonlinear load, switching frequency, Tsypkin’s method.

I. INTRODUCTION

EED to estimate the switching frequency of the power
N switching devices is an important design requirement for
high-power voltage source inverter (VSI) applications [1]. This
is mainly required for proper planning of the thermal man-
agement and cooling of the converters [2]. Commonly used
hysteresis current control method for the two-level VSI is very
popular due to its simplicity, good dynamic performance, and
robustness properties [3]-[8]. However, it suffers from the dis-
advantage of variable switching frequency over the fundamental
frequency cycle. The switching frequency also varies with the
system and controller parameters [7]. For the hysteresis control
applications, it is important to know the maximum switching
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frequency as it leads to the better estimate of the maximum
switching loss in the VSI [9], [10]. In general, the estimation of
switching frequency for hysteresis current control operation of
the VSI is important due to the following reasons: 1) estimation
of inverter switching loss; 2) limiting the switching frequency
within the ratings of the switches; 3) determination of ripple
amplitude; 4) design of switching ripple filter; 5) estimation of
voltage and current harmonic distortions.

The formulation of switching frequency for the hysteresis
current control application means to find out the relationship
of the switching frequency of the switching devices of the VSI
with various system and design parameters [11]-[14]. For distri-
bution system compensation application [15], these parameters
include distribution system feeder impedance, supply voltage,
VSI passive filters, dc-link voltage, load parameters, controller
design parameters, and hysteresis bandwidth.

Conventionally, the relationship between the switching fre-
quency and hysteresis bandwidth is obtained based on the time-
domain slope method for the hysteresis current control appli-
cations [16]-[18]. In [16], the derivations are obtained for the
current control in drives applications. In [17], the results are
obtained for the distribution system compensation using shunt
compensator. In [18], the time-domain method is further ex-
plored and it is shown that for the current control application
the reduction in switching frequency from its maximum value
at other instants of time depends upon the modulation depth of
the VSI. For load compensation, this depends upon the factors
such as supply voltage, load parameters, reference current, etc.

The relation between the switching frequency and hysteresis
bandwidth becomes complicated in case the shunt compensator
is used in a weak feeder distribution system such that it has
high feeder impedance. This complexity further grows if the
reference current is actually derived from the load current, which
also carries switching components [19]. Itis difficult to use time-
domain method for generalized formulation of the switching
frequency. In the literature, the switching frequency formulation
has been obtained only for the strong feeder distribution system
based on the time-domain approach [11], [17].

Recently, the method of Tsypkin’s has been used for gener-
alized frequency domain characterization for the sliding mode
controlled two-level and three-level inverter based on hysteresis
modulation [7]. The method is further extended for the switch-
ing characterization of the multiband hysteresis modulation of
the cascaded multilevel inverter in [20]. The basic Tsypkin’s
method for hysteresis-based relay control system can be seen
in [21]-[23]. Recently, the hysteresis modulation has been used
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Fig. 1. Single-phase model of a shunt compensated distribution system.

for the control of the multilevel inverters using multiple hystere-
sis bands [20], [24]-[26].

In this paper, a generalized frequency domain formulation has
been developed based on Tsypkin’s method, to find out the rela-
tion between the maximum switching frequency and hysteresis
bandwidth and with rest of the system parameters for current
controlled two-level VSI-based application. The current control
application has been considered for load compensation in both
weak and strong feeder distribution system supplying a non-
linear load. The results are derived using the transfer function
of the shunt compensated distribution system and subsequently
obtained high-frequency model. The effect of modulation depth
on minimum switching frequency has been shown through the
variations in the supply voltage and the load in the distribution
system. The detailed simulation studies have been performed to
verify the results for a single-phase distribution system. Exper-
imental verification of the results has been obtained using the
laboratory model of the distribution system.

The generalized formulation of the switching frequency pro-
posed in this paper can easily be extended for the perphase
analysis of the three-phase four-wire distribution system load
compensation [7], [27] and for multiband hysteresis current con-
trol application with cascaded multilevel inverters [20], [24]. In
addition, the proposed method can easily be used to derive the
formulation of the switching frequency for any other VSI-based
application controlled through the hysteresis modulation.

II. MODELING OF SHUNT COMPENSATOR

A shunt compensator used for load compensation tracks the
reference shunt current in order to eliminate the harmonic con-
tents of the nonlinear load and to mitigate the poor load power
factor [11], [19], [24]. Fig. 1 shows the single-phase model of the
shunt compensated distribution system. The distribution system
is supplied from the voltage source v, through the feeder induc-
tance Ly and resistance R;. The shunt compensator consists of
a VSI, an interfacing inductance Ly, and a resistance Ry . Here,
an H-bridge is considered for single-phase two-level VSI. Each
of the switches Sw; to Swy in the H-bridge consists of the power
semiconductor devices such as insulated gate bipolar transistor
(IGBT) and antiparallel diode. The voltage V4. represents the
dc-link voltage of the VSI supported by the dc-link capacitor
Cqc. The currents flowing through the different branches are
the source current i, the load current i;, and the shunt current

2527

I
5 U sh
Hysteresis Ve System >

controller » ST

lT;.sref

Fig. 2. Block diagram of load compensation.

isn. The net controllable voltage v. at the output of the VSI is
uVq4., where u is defined as the control input and represents the
switching logic of the VSI, i.e., +1 and —1, for the two-level
case considered here.

The nonlinear load considered in this paper is assumed to be
a bridge rectifier with input impedance (L;, R;) and connected to
the distribution system at the point of common coupling (PCC).
For a single-phase load, the output dc voltage of the bridge
rectifier is fed to a resistive load R4, supported by a parallel dc
capacitor Ciq.. This nonlinear load is called as a voltage source
type [7], [27]-[29] and represents many domestic and industrial
nonlinear loads. It can be modeled by a harmonic perturbation
voltage source v,, where v, is the Thevenin equivalent voltage
source of such load. The input impedance (L;, R;) of this load
approximately represents its Thevenin equivalent impedance.
The state-space model of the system with three inputs v, u, and
vq, and the output 5, can be derived by considering the state
vector x = [ig, i;]7 as [19]

T = Az + byvg + byu + b3y

Ish = CT
(D
where ¢ = [1 0] and
1
A= —
L2,
—(RTLS +RTL1+RSL1) (RSLZ —RZLS)
(LR, — LyRr) —(RsLr + R/ Ly + L,Ry)
1 _Ll 1 (Ls + LZ)Vdc
bi = 7= » b= :
Leq LT Leq Ls‘/dc
R S L2 = LyL,+ LiLy + L, L
3 = 75 P eq — T Lis T 1 Ls-
qu _LT d

For load compensation using hysteresis current controller with
the VSI, the shunt compensator follows the block diagram
shown in Fig. 2. The reference shunt current iy, o; iS gener-
ated after subtracting the reference source current ig,.; from the
actual load current i; [19], and will be discussed in detail in
Section VI.

Following transfer functions
(1) as Gy, () = isn (8) Ju(s)
it (s) /u(s)

can be defined from
vs=0,v9=0 and GWTI(S) -

vs=0,v4=0 "
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Fig. 3. Block diagram of hysteresis current controlled VSI for shunt
compensator.

These transfer functions can be derived as follows:

) o ish (3)
G"”ah (8) B u (S) vs=0,v0=0
~(Vae\ (Ls 4+ L) s+ (R + Ry) )
- L, D (s)
' i (s) ~ (Vac\ Lss + R,
G““ (8) a ’U,(S) vy=0,v9=0 a (qu> D (S) (3)

where D(s) = 52 + Dys + Do

D — Ly (R +R))+Ls (R + Ry)+ L (R + Ry)
1=
72
eq

R2
Dy = -4

and qu =RrR, + RiRr + R R;.

III. HYSTERESIS CURRENT CONTROL

Block diagram of the hysteresis current controlled VSI for
the shunt compensator is shown in Fig. 3. The block diagram
only shows the inner control loop of Fig. 2. The reference shunt
current ig.f 1S compared with the actual shunt current iy, to
produce the error ¢ = (ishref — Isn). Based upon the value of
error e, the hysteresis current controller generates the control
input u to drive the single-phase VSI, which in turn control the
system G.

The two-level hysteresis controller follows the control law as
defined below:

u(t) =41 fore(t) > +h
u(t)=—1 fore(t) < —h

(4a)
(4b)

where £ is a suitable hysteresis bandwidth to be chosen de-
pending upon the requirement of the switching frequency of the
switching devices used in the VSI.

Consider the H-bridge as shown in Fig. 3 for the two-level
inverter modulation. Using (4), the H-bridge VSI is operated
under bipolar modulation with two logic levels in u, i.e., +1 and
—1. The switches Sy, 1, Sw2 and Sy, 3, Sy 4 in Fig. 3 are operated
in pair as follows:

S,1 and S,o are ON for u(t) = +1 such that v.(t) = +Vj.
(5a)

Sws and S,,4 are ON for u(t) = —1 such that v, (t) = —Vje.
(5b)
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Fig. 4. Output voltage of the H-bridge VSI for two-level hysteresis current

control operation.

The instantaneous value of the switching frequency f; of the
switches depends upon the hysteresis bandwidth /4, system pa-
rameters, and operating conditions. The operating condition
changes with the change in load and the change in supply volt-
age of the distribution system. The VSI output voltage v, will
take on values + Vg, and — V4. as shown in Fig. 4 for one cycle
of the fundamental frequency f, . It is assumed that the hystere-
sis bandwidth 7 is sufficiently small such that the frequency of
switching reversal is fast enough as compared to the fundamen-
tal period. Under this condition, the shunt current ig, will track
the reference iy ,or With variable switching frequency of the pair
of switches S, 1, S, 2 and S, 3, S, 4 thatis reflected in the switch-
ing reversal of the VSI output voltage as shown in Fig. 4. This
reversal of the output voltage for two-level output takes place at
the switching frequency f; of the switches as shown in Fig. 4.
Therefore, the switching harmonics present in the inverter out-
put voltage v, is directly related to the switching frequency f;.
The two-level output voltage contains low-frequency compo-
nents (generally at fundamental frequency f,, and its low-order
harmonics) and high-frequency pulsed signal corresponding to
the switching of the inverter at the frequency f;. As seen from
Fig. 4, the switching frequency with hysteresis current control
is variable over one fundamental cycle.

IV. STEADY-STATE ANALYSIS USING TSYPKIN’S METHOD

Under steady state, both u# and v, are periodic, containing
low-frequency fundamental component and its low-order har-
monics, and high-frequency switching components as discussed
earlier. Let us consider the control input # (4 = v./V4.) where
it undergoes the zero crossing of its low-frequency component
(instant ¢, in Fig. 4), such that the average of the two-level
pulsed output is zero at these instants. Therefore, these pulses
assume square wave-shape (i.e., both positive and negative du-
rations are equal). The inverter undergoes maximum switch-
ing frequency f; ,a.x near these instants. The inverter undergoes
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minimum switching frequency f; ,,;, near the instants of positive
peak (¢,) and negative peak (7,,), in Fig. 4. It is assumed that the
instantaneous switching frequency f; is significantly higher as
compared to the fundamental frequency f,.

Now let us define a net forward transfer function G, (s) as
follows:

G, (S) _ isll(S) _ ish(S) vc(s)

u(s)  we(s) u(s)
where the dc-link voltage V. appear as a forward gain in Fig. 3
and included with G(s) in (6) to obtain the net forward trans-
fer function G, (s). This transfer function can also include any
other transfer function used in the forward path in Fig. 3, e.g.,
any linear controller transfer function, zero-order hold transfer
function representing sample delay [27], etc. In this paper, the
linear controller is considered unity gain and computation time
is considered very small such that the sample delay is neglected
for simplicity.
It has been shown in [7], [20] that using Tsypkin’s analy-
sis, following relationship exists between maximum switching
frequency f; max (=w; max/27) and hysteresis bandwidth %

= VacG(s) (6)

h = —Im (H; (w; max)) @)

where
4 1
Tm{ Hy ()} = — > ~Tm {Gy (jnw)} (8)
n=1,3,5...

where 7 is the index assuming only odd integers and represents
the odd harmonic order of the maximum switching frequency
Jimax of the square wave shape of the pulse width modulation
output near the instant ¢, in Fig. 4.

V. HIGH-FREQUENCY MODELING AND FORMULATION OF
SWITCHING FREQUENCY

Inload compensation application shown in Fig. 2, the affect of
high-frequency switching ripple in the error function e appears
both due to the shunt current feedback i, and the load current
feedback ;. Since (8) has been derived based on the switching
ripple feedback; therefore, the following net transfer function
G, in (8) for the switching characterization should be used

Gu(5) = [Gui,, (8) — Guiy (5)] 9)

where G;,, (s) and G, (s) are obtained in (2) and (3), respec-
tively. The transfer function G,,;,, (s) appear as a forward path
transfer function for the shunt current control loop in Fig. 2.
Since the load current switching ripples appear in opposite sign
to that of the shunt current, therefore, G,;, (s) is included with
G, () with negative sign in G, (s) for high-frequency analy-
sis. There is no contribution of switching ripple due to reference
source current is,¢ in Fig. 2 as it is a computed quantity. The fol-
lowing frequency domain transfer function can be derived after

substituting G,;_, (s) and Gy, (s) from (2) and (3), respectively,
in (9)
‘ Vae \ jwli + Ry
Gy (jw) = ( > —_— (10)
Eat L) D(jw)
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The approximate high-frequency model can be obtained by
substituting w = wj, in (10) and letting w;, — oo as follows:

W 1
Lr + L+ (LyLs/Ly) wy,

The relation between the hysteresis bandwidth 4 required for
the maximum switching frequency f; ,,.x can be obtained using
(7). The relation is derived based on the high-frequency model
obtained in (11). Consider the following approximation of
m-series [30], [31]

Im (G, (jwn)) ~

(11)

2 11 =
Tt tato= o o5 (12)
n=1,3,5,...
Substituting  (11) in (8) and then making use
of (12), the expression of Im{H; (w;max)} =
— (7Vie) / (2wi max (Lr + Ly + Ly Ly /L)) can be ob-

tained. Again substituting Tm { H; (w; max)} s0 obtained and
Wi max = 27f; max 10 (7), the following relation between 4 and
fi max can be derived

Vdc
ALy + Ly + (Ly Ly /L)) k'

For stiff feeder distribution system, i.e., L; = 0, the expression
for f; max can be obtained from (13) as

V:ic
ALTh’

This expression of the f; ,.x 1S same as obtained in [11] for
the stiff feeder distribution system based on time-domain ap-
proach. For the zero input impedance nonlinear load, i.e., L; =
0, (13) results in f; 1,.x = 0. This implies that the VSI of the
compensator cannot track the shunt current, in the absence of
L;. Therefore, input impedance is must for the voltage source
type of the load.

Based on the results derived in [18], it can be shown that
the instantaneous switching frequency f; varies twice between
the maximum f; 1,.x and minimum f; ,,,;;, over one cycle of the
fundamental frequency w,, as follows:

Ji = Fimax (1= (MG (ot + ¢))?)

where M, represents the modulation depth of the inverter and
depends upon the system parameters and load of the distribution
system. The function G(w,? + ) represents a periodic function
with the fundamental frequency of w, rad/s. The value of the
function is limited between —1 and +1. The phase angle ¢ is
defined as the relative position of the zero crossing instant of the
error function e(f) at which the maximum switching frequency
fimax occurs. For pure reactive power compensation this is a
sinusoidal function, i.e., sin(w,t + ). The minimum switching
frequency f;nin is a function of the maximum switching fre-
quency f; max and modulation depth M, and can be obtained
from (15) asﬁ min :ﬁmax 1 - (Md)Q)

(13)

fi max —

fimax = (14)

15)

VI. SINGLE-PHASE SHUNT COMPENSATION

Load compensation for the single-phase distribution system
has been obtained in this section. The load is assumed nonlinear
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TABLE I
SYSTEM PARAMETERS FOR THE SINGLE-PHASE DISTRIBUTION SYSTEM AND
COMPENSATOR CONSIDERED IN SIMULATIONS

Parameters Numerical value
Source voltage vy 240.0 V (rms)
System frequency £, 50 Hz.

Feeder impedance Ly, R, 1.833 mH, 0.576 Q

Shunt impedance Ly, Ry 3.67 mH, 0.968 Q)

DC link voltage V4 and capacitor Cg. 500.0 V, 4400 uF

Nonlinear load Rige =25.0 Q, Cge = 150.0 pF

Lige=3.67 mH, R;; = 0.1152 Q

()
+50
+30
(o8 +10
E
<L -10
-30F
'SD 1 1 1 1 1 1 1 1 1
1 1.02 1.04 106 108 1.1 112 114 116 118 1.2
(b)
o
=
=T
'T 1 1 1 1 1 1 1 1 1
1 1.02 1.04 106 108 1.1 112 114 116 118 1.2
Time (sec)
Fig. 5. Hysteresis current controller tracking performance, (a) shunt current

and (b) tracking error for weak feeder system.

that draws both reactive and harmonic components, in addition
to the real component. It is desired that the source delivers only
the real component of the load while the harmonic and reactive
components of the load need to be supplied locally from the
shunt compensator.

A. Reference Current Generation for Shunt Compensator

Let the load current i; shown in Fig. 1 is given by the following
expression:

(16)

where i;,,, ij,, and iy, are the real, reactive, and harmonic com-
ponents of the load current, respectively. It is desired that the
compensator injects the shunt current iy, such that it compen-
sates the reactive and harmonic components of the load current.
Applying KCL at the PCC in Fig.1, the following relation can
be obtained:

Z'Z = ilp + ilq + ilh

a7

Ly =1 — Igh.
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Fig. 6.
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(a) Load current and (b) source current, for weak feeder distribution
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Fig.7. Source current in phase with the supply voltage for weak feeder system.

Now, if the reference for the shunt current iy, , in (17) is chosen
as follows:

Ishref = i]q + i (18)

then the resultant source current iy would carry only the real
component of the load i;,. Following online shunt current ref-
erence Isprof generation algorithm will ensure that the source
delivers only the real component of the load current [32], [33]

\/5 (plav + pd(:)
(Virms)

where p1,, is the average load power that represents the real
power drawn by the load, and Vrug is the RMS value of
the supply voltage vs. The second term in (19) represents the
reference current for the source ig..r that is same as the real
component of the load in (16). When iy is subtracted from
the load current 7;, it ensures that the reference shunt current
carries both reactive and harmonic component of the load (18).
The sine template sin(w,?) is phase locked with the filtered
component of the locally available supply voltage. The variable
Pde 1n (19) represents the power drawn from the distribution
system to replenish the lossses caused by the shunt compensator
circuit [32], [33]. The main objective of py.. is to hold the filtered
dc-link voltage V4.5 constant equal to the reference dc-link

Ushref = 4 — lspef = 4 — sin (wot) (19)
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+3500 Instantaneous switching frequency 7000 Instantaneous switching frequency
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T 1500 T 43000
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+D 1 1 1 1 1 1 1 1 1 +[] 1 1 I 1 Li 1 i 1 1
1 102 104 106 108 11 112 114 116 118 1.2 1 102 104 106 108 11 112 114 116 118 1.2
Time (sec) Time (sec)

Fig. 8. Variation of instantaneous switching frequency for weak feeder system  Fig. 10. Variation of instantaneous switching frequency for strong feeder

with 7 = 5.6798 A, the supply voltage rises at 1.1 s.

system with 7 = 5.6798 A, the load increases at 1.1 s.

Instantaneous switching frequency

Instantaneous switching frequency

+3500 +3500
+3000 +3000
+2500 +2500
N +2000F o +2000
il +1800 T +1500
+1000 +1000
+500 +500
+D | 1 1 | 1 1 1 1 1 +U | 1 1 | L 1 I 1 1
1 1.02 1.04 106 108 11 112 114 116 118 1.2 1 1.02 1.04 106 108 11 112 114 116 118 1.2
Time (sec) Time (sec)
Fig.9. Variation of instantaneous switching frequency for weak feeder system  Fig. 11. Variation of instantaneous switching frequency for strong feeder

with 7 = 5.6798 A, the load increases at 1.1 s.

voltage Vycrer. The dc control loop is given by

pic = Kpace + Koo [ et 20)
where Kj,q. and Kjq. are the proportional and integral gains,
respectively, for the dc control loop and the error e is given as

e = Viacret — Viefile- 21

B. Simulation Results

In this section, the operation of the shunt compensator and
verification of the derived results for switching frequency from
(13) to (15) have been obtained through the simulation results.
Reference current for the shunt compensator is generated using
(19). The hysteresis current control algorithm (4) and (5) is used
for tracking the reference shunt current.

1) Weak Feeder Distribution System: The data for the weak
feeder distribution system and shunt compensator are given in
Table I. The calculated value of hysteresis bandwidth from
(13) for the chosen maximum switching frequency of f; i ax
= 3.0kHz gives h = 5.6798 A. Fig. 5 shows the tracking per-
formance of the hysteresis current controller under steady state.
The shunt current is shown in Fig. 5(a) and its tracking error
is shown in Fig. 5(b). The error is limited to the hysteresis
bandwidth £5.6798 A. At t = 1.1 s, the supply voltage rises
by 40%. The corresponding load and source currents are shown
in Fig. 6(a) and (b), respectively. The supply voltage in phase
with the resultant source current is shown in Fig. 7. The varia-
tion of instantaneous switching frequency f; is shown in Fig. 8.
The dc-link voltage is controlled to the reference 500 V with

system with 7 = 11.3626 A, the load increases at 1.1 s.

the values of K, 4. and Kjq. chosen as 0.05 and 0.1 s~1, respec-

tively, in (20). These values of the PI gains have been selected
through trial and error for achieving the best dynamic response
for dc-link voltage convergence. It is clear from Fig. 8 that the
maximum switching frequency of the switching devices used in
the single-phase H-bridge inverter is close to 3.0 kHz. However,
minimum switching frequency depends upon the modulation
depth that in turn depends upon the system conditions. In this
case, the reference source current also increases when the sup-
ply voltage increases the load current. Hence, the reference
shunt current also increases that in turn increases the modula-
tion depth. Therefore, the minimum switching frequency f; i in
reduces for increase in the supply voltage. Similarly in other
simulation, the load is approximately doubled at # = 1.1 s, keep-
ing the supply voltage constant. Again as seen from Fig. 9, the
maximum switching frequency remains close to 3 kHz, however
the minimum reduces when the load increases due to increase
in the modulation depth. The detailed result for increase in the
load is given in the next section.

2) Strong Feeder Distribution System: It is now assumed
that the shunt compensator is used for the load compensation
for strong feeder distribution system. All the system parameters
are kept same as considered for the weak feeder case earlier,
except that the feeder impedance is considered as L; =0, R, =0.
With these parameters, the switching frequency gets increased to
fimax = 6.0kHz for the same & = 5.6798 A, as calculated from
(14). This is also verified from the simulation result as shown
in Fig. 10.

In order to bring back the maximum switching frequency
to 3.0kHz, the hysteresis bandwidth is now calculated from
(14) for f; max = 3.0kHz as 7 = 11.3626 A. The result for
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TABLE II
@ SYSTEM PARAMETERS FOR THE SINGLE-PHASE DISTRIBUTION SYSTEM AND
+80 COMPENSATOR OF LABORATORY MODEL
+60
+40 Parameters Numerical value
o +20
qE: _58 | Source voltage vy 25.0 V (rms)
:gg System frequency f, 50 Hz
'80 5 1 1 1 1
1 1.02 1.04 1.06 1AU(§) 1.1 112 114 116 118 1.2 Feeder impedance Ly, R, 50mi, 1.0Q
:gg L Shunt impedance L7, Ry 10.0 mH, 2.0 Q
+40 -
g— +28 DC link reference voltage V4 and capacitor Cy 50.0 V, 2200 pF
+
= i Nonlinear load Rize = 25.0 Q, Ciac = 150.0 uF
:gg i 1 1 1 1 1 1 1 1 1 Lige=5.0mH, Riie=1.0Q
1 1.02 1.04 106 108 1.1 112 114 116 118 1.2
Time (sec)
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Fig. 13.  Hysteresis current controller tracking performance, (a) shunt current

and (b) tracking error, for strong feeder system.

instantaneous switching frequency is now verified using the
simulation result shown in Fig. 11.

The load is doubled after t = 1.1 s as shown in Fig. 12(a).
The corresponding source current is shown in Fig. 12(b). With
increase in load, the modulation depth of the inverter increases
due to increased value of reference shunt current as shown in
Fig. 13(a). The tracking error is shown in Fig. 13(b). The max-
imum switching frequency remains close to 3.0 kHz, however
the minimum switching frequency is reduced with increase in
load as shown in Fig. 11.

Remark 1: It may be noted from Figs. 8 to 11, that the max-
imum switching frequency estimation using (13) gives small
variation under different operating conditions. This is because
the approximated Thevenin’s equivalent impedance (L;, R;) of
the nonlinear load varies with changing conditions of the system
and the small variations in the dc-link voltage V..

C. Experimental Results

In this section, the experimental results are obtained in a
laboratory model of a weak feeder distribution system with the
data given in Table II.

In this case, the hysteresis bandwidth of 7 = 0.1667 A is cal-
culated from (13) for f; ax = 3.0kHz. The reference current
generation and hysteresis current control algorithms have been
implemented in PCI-7831R (reconfigurable input/output), field-
programmable gate array (FPGA). The VSI is implemented us-
ing the IGBT-based intelligent power module (IPM). The load
voltage and the load current are feedback using the voltage trans-
ducer (LV 25-P) and current transducer (LA 55-P), respectively.
These variables are used for the reference current generation and
hysteresis current control loop, and are implemented using the
LabVIEW FPGA programming module. The reference current
isnref generated using (19) is phase locked with the supply volt-
age at the fundamental frequency using a software-based phase
locked loop (PLL) code implemented in the LabVIEW FPGA.

Fig. 14 shows the gating signal generated for the IGBT
switches S,,; and S, 2 of the H-bridge shown in Fig. 3 with
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Fig. 15. Rise in supply voltage and gating signal for the switches S,, 1 and
Sw 2 with the maximum switching frequency of f; 1, ax = 3 kHz. Scale: Source
voltage (30 V/div) and gating signal (1 V/div: 0 V-OFF, 3.3 V-ON).
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Fig. 16. Load current, source current, injected shunt current, and gating signal
for nominal load. Scale: Load, source, and shunt currents (5 A/div) and gating
signal (2 V/div: 0 V-OFF, 3.3 V-ON).
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Fig. 17.  Load current, source current, injected shunt current, and gating signal
for increased load. Scale: Load, source, and shunt currents (5 A/div) and gating
signal (2 V/div: 0 V-OFF, 3.3 V-ON).
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Fig. 18.  Source current in phase with the supply voltage. Scale: Source voltage
(30 V/div) and source current (2 A/div).
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Fig. 19. View of experimental setup showing LabVIEW FPGA controller and
VSI of the shunt compensator.

the maximum switching frequency f; 1.« close to 3.0kHz. This
can be easily calculated from the zoomed view of one division
of the time scale in Fig. 14, where the switching frequency
is maximum, i.e., f;max (= number of pulses/time duration
= 7.5/0.0025 = 3000Hz). The hysteresis bandwidth of & =
0.1667 A is used as calculated earlier. The gating signals for
the IGBT switches S, 3 and S, 4 are complementary to that
shown in Fig. 14. The normal supply (source) voltage is also
shown in Fig. 14. The source voltage is line supply voltage and
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is distorted as shown in the figure. Similar results for rise in
supply voltage are shown in Fig. 15. The maximum switching
frequency in this case also is the same, i.e., fjmax 1S close to
3.0kHz as seen from zoomed view in Fig. 15. However, the
minimum switching frequency for the increased source voltage
case is less as compared to the normal supply voltage case. The
load current, source current, injected shunt current, and gating
signal are shown in Fig. 16 for the case of the load given in Ta-
ble II. The load is approximately doubled and the corresponding
results are shown in Fig. 17. The maximum switching frequency
is maintained close to 3.0 kHz, however minimum reduces when
the load increases. The source current in phase with the supply
voltage is shown in Fig. 18. The dc-link voltage is controlled to
the reference 50.0 V.

The experimental result verifies the switching formulation
derived in this paper. For the case of strong feeder, the results
similar to those shown in Figs. 15-18 can be obtained for the
hysteresis bandwidth of 7 = 0.4166 A, as calculated from (14).

Fig. 19 shows a view of the laboratory experimental setup
showing the LabVIEW-based FPGA controller used for driving
the VSI of the shunt compensator.

VII. CONCLUSION

The generalized frequency domain method of the switching
frequency formulation using a high-frequency model based on
Tsypkin’s method accurately estimates the hysteresis bandwidth
for a desired maximum switching frequency for load compensa-
tion using hysteresis current controlled VSI. It is shown that the
feeder reactance and load has a significant effect in determining
the maximum switching frequency for the weak feeder distri-
bution systems. However, the maximum switching frequency
is mainly dependent upon the shunt compensator parameters
for strong feeder distribution systems. The minimum switch-
ing frequency in general depends upon the modulation depth of
the VSI. Results have been verified through detailed simulation
studies. The experiment carried on the weak feeder distribu-
tion system model verifies the generalized formulation of the
switching frequency proposed in this paper.
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