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Chapter 6

Modified SRF-PAC, Optimum Sizing of UPQC-
DG and Hardware Validation

6.1 Preamble

Power angle control methods are effective in sharing VA burden between convert-
ers of UPQC-DG, but they tend to increase computational burden on the controller
because estimation of power angle requires calculation of load active and reactive
powers. In IRPT (p-q theory) based methods, load active and reactive powers are
already known, so it is not additional burden [1-3]. In case of SRFT based methods
proposed in previous chapters of this thesis have drawback of estimating load active
and reactive powers additionally. A SRFT based PAC method (termed as ‘SRF-
PAC’) for conventional UPQC proposed in [4], estimates load power using built-in
SRF variables and avoids additional computation of load active and reactive powers,
but it supports only small values of power angle because load power estimation is
carried out in source voltage reference frame (which is true only for small value of
power angle).

Proper design of UPQC-DG is a key factor for reduced cost, efficient operation
and meeting stringent grid codes. Design of UPQC-DG includes sizing of series
and shunt converters and series injection transformers. Since the shunt converter
of UPQC-DG feeds power from DG, apart from supplying reactive power of load,
its kVA rating becomes very high. So, Power Angle Control (PAC) method, aimed
at sharing reactive power burden of shunt converter with series converter, has been
devised [1-4].

Sizing of converters and transformer of UPQC with PAC is found to be optimal
and less costly than conventional UPQC [5, 6]. In the case of UPQC-DG, various
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Figure 6.1: Configuration of three phase - three wire UPQC-DG without DC-DC con-
verter
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power angle control methods have been devised [1, 7, 8], but optimal sizing using
PAC method has not been considered. Optimal sizing of UPQC-DG without PAC
has been proposed but it leads to an increase in the size of shunt converter [9].

Once UPQC-DG converters have been optimally designed, the control strategy
should ensure that converters operate within their designed ratings. PAC methods

methods do account for voltage rating of series APF [1, 10].

Therefore, in this chapter, a modified SRF-PAC method has been proposed to sup-
port larger values of power angle, which also avoids additional burden of computing
load active and reactive powers. An optimal sizing method for UPQC-DG operating
under PAC has been proposed. Lastly, an enhanced PAC method has been developed
for ensuring VA loads of converter within the designed ratings for all operating con-
ditions. Proposed design and control methods are presented with their application to
a case study UPQC-DG system (with specific compensation requirements), but these
are suitable for other types of UPQC-DG systems as well.

Section 6.2 presents case study system considered, section 6.3 explains optimal
sizing of UPQC-DG using power angle control and section 6.4 deals with modified
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SRF-PAC method proposed in this chapter. CHIL and hardware validation results of
proposed methodology is presented in section 6.5 and section 6.6 respectively, and

section 6.7 concludes the chapter.

6.2 Case Study System

In this work, a three-phase three wire UPQC-DG system has been considered. Grid
and load parameters of case study system (PV based UPQC-DG) are shown in Ta-
ble 6.1. A mix of reactive (R-L) and non-linear (rectifier) loads is taken to test per-
formance of UPQC-DG in presence (or switching) of such loads.

As shown in Fig. 6.1, PV array is taken as DG, which can be directly connected to
DC link without the use of DC-DC converter leading to the reduction in the number
of power electronic interfaces, and thereby increasing system reliability. Such direct
PV integration requires suitable design and control modifications in conventional
UPQC-DG [11]. The output voltage of PV array at Maximum Power Point (MPP)
is selected to match with DC link voltage of UPQC-DG. A diode is added to avoid
reverse power flow into the PV array.

Table 6.1: Parameters of system

3-phase supply 415 V,50 Hz, Rg =.08 Q, Lg = 0.24 mH
Load-1 3-phase diode bridge rectifier ( Rpc =26 Q)
Load-2 3-phase R-L load (20 kW, 0.707 p.f. lagging)
Load-3 3-phase R-L load (10 kW, 0.707 p.f. lagging)
PV array PMPP =17.1 kW, VMPP =765V

In conventional UPQC-DG (where PV is connected at DC link via DC-DC con-
verter) systems DC link voltage is regulated at the constant reference value, but in
case of UPQC-DG with direct PV integration, DC link voltage varies according to a
variable reference value, which depends on MPP of PV array. PV array characteris-
tics adopted in the present work are shown in Fig. 6.2. MPP of PV array at standard
irradiation and temperature is 17.1 kW, and 765 V. Minimum DC link voltage should
be larger than twice of the peak phase voltage, which is 678 V in the present sys-
tem, and Vjspp of PV array is greater than 678 V for all practical irradiation values.
Finally, the operating range of DC link voltage is taken as 700 to 740 V.

Primary compensation & PV integration requirements of UPQC-DG system are

as follows:
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Figure 6.2: PV array (SunPower-SPR-305E-WHT-D, 4 parallel strings of 14 series mod-
ules) characteristics: (a) I-V curve, (b) P-V curve

1. Compensate for reactive load power and maintain unity power factor at the

source.

2. Compensate for load current harmonics and maintain sinusoidal source cur-

rent.
3. Compensate for source voltage sags and swells up to 40% of rated voltage.

4. Compensate for source voltage harmonics and maintain harmonic free load
voltage.

5. Extract maximum power from PV and feed it to load.
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6.3 Optimal Sizing of UPQC-DG

For optimizing the VA sizes of converters of UPQC-DG, its mathematical modeling
is necessary, since it provides for formulation of optimization problem. Both, the
mathematical modeling and optimization problems are discussed in following sub-

sections.

6.3.1 Mathematical Modeling of UPQC-DG

This subsection establishes generic equations for VA load of series and shunt con-
verters, and transformers of UPQC-DG, assuming that it is operating under PAC
method. Phasor diagram of power angle controlled UPQC-DG under voltage sag is
shown in Fig. 6.3. Though following equations have been derived for sag condition,
these are equally applicable for swell or normal situations. Per phase VA load of

series converter of UPQC-DG under voltage sag/swell is given by:

Ssr = Ver.Is' (6.1)

Vs, is per phase output voltage of series converter and I is source current under
sag/swell condition. Let source voltage changes by a factor k, which is less than
unity for sag and greater than unity for swell. Using phasor diagram of UPQC-DG
under PAC, series converter voltage can be expressed in terms of load voltage (V.),

power angle (&), and change in source voltage (k):
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Ideally load power and power drawn from source remains constant under source
voltage sag/swell, So source current changes in proportion to change in source volt-
age (Is' = Is/k). Is is source current under steady state (no sag/swell). Using Egs. 6.1
and 6.2, series converter VA load is given by:

Ssr =Vi.\/ 1 4+ k? —2kcosd .Is [k (6.3)



Chapter 6. Modified SRF-PAC, Optimum Sizing of UPQC-DG and Hardware
Validation

I
Vsl (sag)
[Vs| (normal)

Figure 6.3: Phasor diagram under sag

80 (b) 40 (C)
—#—Ssr
+—Ssh
Sst

Supqe

60

w

st A

NN

+
TR
I
20} 20
S
e \\. AT

o F Tt

kVA load
=5

kVA load
3

kVA load

0

0
0 0.2 0.4 0.6 0.8 0.6 0.8 1 1.2 1.4 5 10 15
power angle (radians) Vs (p.u.) Ppv (kW)

Figure 6.4: Typical kVA load curves of UPQC-DG (case-study system): (a) kVA loading
for variation in power angle (&) at 0.6 pu source voltage, full load and rated PV output, (b)
kVA loading for variation in source voltage at 6 = 10°, full load and rated PV output, (c)
kVA loading for variation in solar PV output at § = 10°, rated source voltage, full load.

Product V;.Is = Ps represents active power drawn from source, which is equal to

Pr — Ppg (Ppg = Ppv, in the case under study). So, Ss, is simplified:

(PL— Ppg)-V'1+k* —2kcosd
k

Ssr= (6.4)

Since power loss of transformer is negligible, VA load of series injection transformer
(S7) will be equal to VA load on series converter (Ss,). The rating of transformer will

depend on maximum current and voltage:

St = max(Vs,).max(Is) (6.5)
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Per phase VA load of shunt converter under sag/swell is found as:
Ssn = Vi Isy/ (6.6)

Using phasor diagram, current supplied by shunt converter is expressed as:

ISh/ = \/IS/2+IL2—2.IS,.IL.COS(¢—6) (67)

I; is load current and ¢ is load power factor angle. Using Eq. 6.7, Eq. 6.6 is rear-

ranged as Sg, =

Vi. \/I§2 + 112 = 2I§' I .(cos@ .cosS + sing .sind) (6.8)

In terms of power quantities, VA load on shunt converter is simplified as

2 .
500 \/ <%> L 2.PS.(PL.cosf +Qp.5ind) ©9)

Typical kVA load curves of series & shunt converters, series transformer and their
sum (the total kVA load of UPQC-DG) for variation of different design parameters
of the case-study system have been drawn in Fig. 6.4. The curves in Fig. 6.4 are
obtained using equations derived in present section. All the three parameters, namely
power angle (), source voltage magnitude and PV power output effect the kVA load
and need to be considered for sizing of UPQC-DG. Load has been taken as full
load because the compensation requirements are maximum at full load. Nature of
kVA load curves in Fig. 6.4 reveals that kVA loading of UPQC-DG is maximum at
extreme points, which need specific attention while optimizing the size of UPQC-
DG. So, constraints of optimization problem should be formulated accordingly.

6.3.2 Optimization Formulation

Main objective of sizing of any equipment is to reduce its cost, so components of
UPQC-DG should be sized in such a way that overall cost is minimum. Let C;
and C, be the costs/VA of converter and transformer respectively. Then overall cost
of UPQC-DG for minimization problem is given by Eq. 6.10. Since VA load of
converters and transformer is maximum during sag/swell conditions, it should be

ensured that VA load during these don’t exceed beyond their ratings. In case of
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Table 6.2: Comparison of VA ratings obtained using existing and proposed methods

Method Ssr (kVA)  Sg;, (kVA) St (KVA)  Vsy. rarea (V) Total cost (USD)
1. Conventional [12] 28.20 41.17 28.20 95.84 118166
2. Existing PAC [1] 28.40 39.80 28.40 119.7 116512
3. Proposed Method 29.22 34.09 29.22 166.67 109586

UPQC-DG a special care needs to be taken because change in DG power result in
still higher VA load of the components of UPQC-DG. Considering these worst case
scenarios, the constraints on optimization are defined in Eqs. 6.11-6.22. Current Ig*
in Eqgs. 6.19 and 6.22 refers to source current during steady state with minimum

power injection from DG.

min. F = Cy.(SsyRated + Ssh.Rated) + C2-ST Rated (6.10)
Subject to Ssy.rated = Ssr(kmin, 01, PDG max) (6.11)
Ssh.Rated = Ssh(Kmin> 01, PDG,max) (6.12)

St.Rated > Vsr(Kmin, 01)-Is [ kmin (6.13)

Ssr.rated = Ssr(Kmax, 62, PDG,max) (6.14)

Ssh.Rated = Ssn(Kmax; 62, PDG max) (6.15)

St Rated = Vsr(kmax: 82)-Is [ kmin (6.16)

Ssr.rated = Ssrikmin, 03, PpG min) 6.17)

Ssn,rated = Ssh(kmins 03, PDG,min) (6.18)

St Rated > Vsr(Kmin, 83)Is™ [Kiin (6.19)

Ssr.Rated = Ssr(kmax, 04, PDG,min) (6.20)

Ssh.Rated = Ssh(Kmaxs 04, PG min) (6.21)

St.Rated = Vsr(Kmax; 04)-Is™ [Kmin (6.22)

The optimization problem mentioned above is a smooth non-linear optimization
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and can be solved using Non-Linear Programming (NLP) methods. Controlled vari-
ables in NLP are Ss, rareq Ssh.Rated> ST Rated> 1, 02, 63, 04. Upper limits on these con-
trolled variables are chosen based on system requirements. Since sizing of UPQC-
DG is an off-line procedure, any of the off-line optimization tools can be employed
for solving the above optimization problem. In this work interior-point method [13]
using MATLAB has been adopted. The values of C; and C, are taken as $1.501/VA
and $0.498/VA [5].

For case study system, VA ratings for series and shunt converters as wells trans-
former have been obtained using proposed design method, and the results are com-
pared with those obtained using existing PAC method of UPQC-DG [1], and con-
ventional (without PAC) approach [12], and results are shown in Table 6.2. Total
kVA ratings for all three phases of corresponding converters are presented instead of
kVA ratings per phase. The proposed sizing method outperforms both methods and
gives 7.26%, & 5.94% reduction in total cost compared to sizing with the conven-
tional (without PAC) approach, and existing PAC method respectively. Existing PAC
method of UPQC-DG doesn’t provide a significant improvement in cost because the
reduction in shunt converter rating is not enough to compensate for increase of series

converter rating.

6.4 UPQC-DG Controller

Since ratings of UPQC-DG have been optimally designed, power angle control needs
to be accordingly developed so that none of the converters and transformer exceed
their ratings for any of the operating conditions of UPQC-DG. Conventional power
angle control methods don’t account for VA limitations, so in this work a modified
power angle control has been devised which incorporates VA limitations. Control of
each of the converters is described in detail as follows:

6.4.1 Shunt Converter Control

In the present work, Synchronous Reference Frame (SRF) theory based extraction
has been employed to generate reference compensating currents for shunt converter
(Fig. 6.5). In this method, Park’s transform (Eq. 6.23) converts three phase load
currents from abc frame to dqO frame. This transforms fundamental components of

three phase load currents into DC counterparts. These DC quantities can be easily
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extracted using mean (moving average) blocks. Mean d-axis load current (/1) rep-
resents fundamental component of load current, which is in-phase with load voltage.
Mean g-axis load current (I;,) represents fundamental component of load current,
which is out of phase with load voltage. Alternatively, I;4 represents load active
power, and 11, represents load reactive power.

Irg 5 sinat  sin(ot — %’r) sin(ot + 2?”) I1a
Iy | = 3 |cosat cos(ot — 27”) cos(ot + 27”) Iy (6.23)
Iro 1/2 1/2 1/2 Ir.

DC link voltage regulation requires a suitable DC current (Ipc) to be supplied
to DC capacitor. Ipc represents power losses in UPQC and is estimated using a
PI controller. Perturb and Observe (P&O) technique based Maximum Power Point
Tracking (MPPT) method computes the reference value of the DC link voltage.

PV output current (Ipy) is subtracted from sum of I;; and Ipc to form reference
d-axis supply current(/}). Inverse Park’s transform (Eq. 6.23) is used to get balanced,
sinusoidal reference source currents, which are compared with respective measured
source currents in hysteresis controller to generate switching pulses.

Park and inverse-Park transforms require a ramp signal synchronized with ref-
erence AC sinusoidal signal. For inverse-Park, the source voltage is used as the
reference signal because the source current is required to be in phase with the source
voltage. In Eq. 6.23, ideally, load voltage should be used as the reference signal
because load active and reactive powers are defined in the load voltage reference
frame. In conventional UPQC control (without PAC), taking supply voltage as ref-
erence signal in Eq. 6.23 works well because load voltage is in phase with supply
voltage.

However, in PAC method, load voltage leads supply voltage by power angle
(Fig. 6.3). SRF-PAC method proposed in [4], uses supply voltage as the reference
voltage in Eq. 6.23, which is acceptable only for small values of power angle. The
present work proposes to use load voltage as the reference signal in Park’s transform
for larger power angles. To avoid using extra Phase Locked Loop (PLL) on load volt-
age, the present work proposes to add power angle to wt available from PLL applied
on supply voltages, which gives ramp signal (a¢) in synchronism with load voltage
(Fig. 6.5).

Above mentioned drawback of existing SRF-PAC ( [4]) and the improvement
provided by proposed modified SRF-PAC are also proven mathematically as follows.
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Figure 6.5: Modified Power Angle Control of UPQC-DG

In UPQC under PAC approach, the three phase load currents for a balanced inductive
load, lag behind the load voltages (which lead source voltages by power angle):

Iia Lysin(@wt+6 — @)
Ip| = [Ipsin(ot+8 —21/3—9) (6.24)
Ire Iysin(@wt+6 +2m/3—¢)
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In Eq. 6.24, I, is amplitude of load current and ¢ is power factor angle. In existing

SRF-PAC, I; 4 is calculated using Eq. 6.23 (with ot = wt) &6.24:

Ig= %[lmsin(a)t + 6 — ¢)sin(wr)+

2 2
Lysin(ot — ?7'5 +6—¢)sin(wr — ?n)—{—

2 2
Lysin(t + ?7'5 + 86— ¢)sin(wr + ?ﬂ)]

Eq. 6.25 is simplified using product to sum trigonometric formula:

Ira = %m[COS(S —0)—cos(2ot +6 — ¢)+
cos(0— @) —cos(Qwt+6 — ¢ — 4;)-1-
4r

cos(8 — @) —cosQot+6 — ¢ + ?)]

After simplification, Eq. 6.26 results in:

Irg = Lncos(¢ — 0)

(6.25)

(6.26)

(6.27)

Active power of load is (3/2)V,ulucos¢ (V,, is amplitude of load voltage), and cor-

responding in phase component of current is ,cos¢. So, I;; found using existing

SRF-PAC doesn’t give correct estimation of in-phase component of load current.

Similarly, /14 is found in existing SRF-PAC based on Eq. 6.23 and 6.24:

~

Iy = g[lmsin(wt + 86— ¢)cos(wt)+

2 2
Lnsin(t — ?ﬂ +6—¢)cos(wt — ?7[)+

2 2
Lysin(ot + ?ﬂ + 06— ¢)cos(wt + ?7[)]

Iy = %m[sin(Za)t+ 0—¢@)+sin(0—¢)+
sin(2ot+6 — ¢ — 4;) +sin(0 — @)+
sin(201 +8 — 9+ ) + sin(5 ~ 9)]

Iy = Lusin(6 — ¢)

(6.28)

(6.29)

(6.30)
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Reactive power of three phase load is (3/2)V,,[,,sin¢ and corresponding out of phase
component is /,,sin¢, which is not represented by I, in existing approach.

In proposed modified SRF-PAC, ar is taken as wr + &8, which is actual phasor
position of load voltage with respect to source voltage (the reference phasor in both
approaches). With this modification, I; ;4 is found using Eq. 6.23 and 6.24:

Iy = %[Imsin(a)t +6 —¢)sin(wr + )+

Imsin(a)t—z?n+5—¢)sin(wt+5—2;)—{— (6.31)

Lysin(t + 2?” +6 —¢)sin(wr + 6 + %ﬂ)]

Simplification of Eq. 6.31 results in:

Iy = %m[cos(q)) — cos(20t +25 — ¢)+
cos(9) — cos(201 +28 — ¢ — 4?”)+ 6.32)
cos(9) — cos(Qwr +28 — ¢ + 4?”)]
I = Incosd 633)

So, I; 4 found in proposed method corresponds to in-phase component of load current,
or the active power of load.
Similarly /74 is also calculated using Eq. 6.23 and 6.24 based on proposed ap-

proach:

Iy = %[lmsin((ot +6 —@)cos(wt+0)+

Lysin(or — 27”+5—¢)cos(wt+3— %n)Jr (6.34)
Lysin(ot + 2?” +6—¢)cos(wt + 06+ 2?7[)]

Iy = %m[sin(2a)t +26— ¢) — sin(9)+
sin(201 +25 — ¢ — 4?”) _ sin(6)+ (6.35)
sin(2ot +26 — ¢ + 4?7[) —sin(9)]

Iy = —Iysing (6.36)
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So, I14 in proposed approach corresponds of magnitude of out of phase component
of load current or load reactive power.

6.4.2 Series Converter control

In PAC method, series converter supplies a part of reactive power demand of load, for
which, series voltage needs to be injected in quadrature with source current, resulting
in phase difference (power angle) between supply and load voltage. Magnitude of
series voltage (and reactive power supplied by series converter) depends on power

angle, which is calculated using Eq. 6.37 [1]:

Sp = sin”! (%) —sin~! (%) (6.37)

If reactive power is shared in proportion to VA ratings of converters then, reactive
power delivered by series converter is estimated using Eq. 6.38, where Qy is load
reactive power and A is ratio of VA rating of series converter to sum of VA ratings of

two converters. Finally, desired power angle is found using Eq. 6.39.

QLSSr rated
: SSr,rated + SSh,rated L
. AQr
_ 1
Op = sin (PiL P > (6.39)

Upper limit on power angle is decided by voltage and kVA ratings of series con-
verter. From phasor diagram maximum allowable power angle is found in Eq. 6.40,

where k/

max 18 the ratio of maximum series converter voltage to reference load voltage.

Sy = cos ! (6.40)

2k

2
14+ — K ]

Eq. 6.40 takes care of only voltage limit of series converter, and not its VA limit. To
incorporate VA limit of series converter, present work proposes a modified estimation
of voltage limit of series converter from series converter current (which is equal to

source current for unity turns ratio of series injection transformer):

Ssr.rated
" r,rate
= 6.41
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Since at small source currents, k/

max €an exceed rated voltage ratio, better approach

is to estimate it using Eq. 6.42, which takes care of both voltage and VA limits:

. S Sr,rated VS r,rated
K, . = min. : ’ 6.42
max — N ( 3 A ’ Vi ( )

So, maximum value of power angle meeting both the voltage and VA limits of series

converter is given by Eq. 6.40:

2
2 . SSr,mted Vsrrated
1+k [mln. ( 30V, VL )}

T (6.43)

Sy = cos ™!

Block diagram of SRF based power angle estimation is shown in Fig. 6.5(a). At
each instant, power angle is calculated using Eq. 6.39, which demands estimation of
real and reactive powers consumed by load. For a balanced three phase load, real

power is computed from d-q frame quantities using Eq. 6.44:

3_ _
P = EVLdILd (6.44)

Similarly load reactive power is estimated using Eq. 6.45:

3_ _
OL= _EVLdILq (6.45)

Thus, a simple relationship for computing power angle is obtained from Eq. 6.39, in
which I 4 and I, 4 are obtained from shunt converter control loop:
—Al
8p =sin”~! (_7&] > (6.46)
Ira—1Ipy

Also, maximum limit on power angle computation is simplified in SRF based method.
RMS calculation for source current is avoided by making use of (I;*) from shunt
converter control, since for harmonic free three-phase signal, peak value equals its
d-component in d-q frame. So, RMS source current is found using Eq. 6.47.

I

Is= (6.47)

S
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So, in SRF based control maximum power angle computation is performed using

Eq. 6.48
2

2 . \/ESSnrated Vsr.rated
1 1+k —[mm.( VLV >]

2k

Sy = cos™ (6.48)

The final power angle (J) is minimum of desired power angle (Jp) and maximum
power angle (Sy).

In this chapter, the Unit Vector Template Generation (UVTG) technique [14] has
been used for producing reference signals of the series converter (Fig. 6.5). Gener-
ated three phase unit vectors are amplified by taking their product with the desired
amplitude of load voltage. The resultant three phase time-varying quantities serve as
reference load voltage signals, which are compared with their respective measured

counterparts in a PWM controller, which produces switching pulses.

6.5 Controller Hardware in Loop Validation

Validation of the proposed design and control method has been performed using
Controller Hardware in Loop approach (CHIL) (Fig. 6.6). Proposed control algo-
rithm has been implemented in Dspace/micro-labbox, and plant of case study system
has been implemented on real-time simulator Opal-RT OP-4510. Sample time used
for the controller is 25 us and plant runs on fast FPGA based computational engine
of Opal-RT with 0.5 ps time step. Measurements from the plant are taken from ana-
iog outputs of Opai-RT and passed to anaiog inputs of the controiier. The controiier
provides PWM pulses at its digital output port which connects to the digital input
port of Opal-RT. The values of interfacing inductors and RC filters, used at output of
converters, have been selected using method given in [12].

In steady state, all three loads are ON, and the resultant load current is non-linear
and reactive (Fig. 6.7(a-c)). Shunt converter compensates for non-linear components
of load current. Shunt and series converters share reactive power burden in propor-
tion to their VA ratings. Eventually source current is found to be sinusoidal and in
phase with the source voltage. Load current THD in steady state is 7.51% and after
compensation by shunt converter, the source current THD is 2.51% (which is be-
low 5% limit as per IEEE-519 standard). Shunt converter also supplies active power
injected by PV, which operates at its rated value (at 1000W /m?, 25°C).
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Figure 6.6: CHIL setup for validation of proposed control

Table 6.3: Variation in power angle & loading of components of UPQC-DG under differ-
ent operating conditions for proposed PAC method

Operating condition 0(°) Sg (kVA) Sg, (kVA) Vs, (V)
1. Steady state with full load & full PV 25.0 12.2 27.6 106
2. Steady state with full load & nil PV 18.1 13.8 16.3 77
3. Steady state with load-3 off & full PV 23.8 7.2 22.7 103
4. Steady state with full load & 60% PV 21.7 12.7 21.5 92
5. 40% Voltage sag with full load & full PV 25.9 21.5 12.8 121
6. 40% Voltage swell with full load & full PV 26.5 12.7 34.0 161
7. 40% Voltage sag with full load & nil PV 8.1 28.7 33.8 96
8. 40% Voltage swell with full load & nil PV 18.4 17.4 25.2 130

Table 6.4: Variation in power angle & loading of components of UPQC-DG under differ-
ent operating conditions for existing PAC [1]

Operating condition 0(°) Ssr(kVA) Sg, (kVA) Vs, (V)
1. Steady state with full load & full PV 12.0 5.4 30.3 52.1
2. Steady state with full load & nil PV 12.1 8.6 21.7 77
3. Steady state with load-3 off & full PV 0.0 0.3 26.3 4.7
4. Steady state with full load & 60% PV 12.2 6.8 25.8 50.4
5. 40% Voltage sag with full load & full PV 6.7 16.2 24.2 96.2
6. 40% Voltage swell with full load & full PV 0.0 7.3 39.8 91.2
7. 40% Voltage sag with full load & nil PV 6.3 28.4 36.2 96.0
8. 40% Voltage swell with full load & nil PV~ 0.0 11.8 334 90.5
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Figure 6.7: CHIL results of proposed UPQC-DG: (a) steady-state voltages, (b) steady-
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Occurrence of voltage sag and swell is simulated at full load and full PV output.
During sag and swell (both of which are 40% of source voltage), load voltage is



Chapter 6. Modified SRF-PAC, Optimum Sizing of UPQC-DG and Hardware
Validation

MS0-X 30344, MY54430166: Thu Feb 14 13:40:54 2013
5.00v/ 1.00v/ 2009/ 4 2009/ 568.02 50.002/ Stop

A A (A A
I/\r[ “‘AH/ /\\ff\
] j 1“1

7500 V/di
r”\?ibr ?‘q ”‘,df’m AMAARA 'H‘,,,f\ﬁ“ ‘
VYN VUVYN VY VYN VYVYN VY VYN Y
Iy : 100 Aldi
/\?\(\/\/\z\?\ﬁ/\f\/\/\/‘f\f\ AMAAA /\N\/\
AV VAVAVATRYA YRVRVRVAVE VAVAVAVAVAVATR VR YATR!

Ipv |20 A/div

V[)(j 20V, glV

Time|: 50 ms/div|

e

Figure 6.8: Performance during change in solar irradiation

maintained at its reference value by suitable modification of phase and magnitude of
series converter voltage (Fig. 6.7(d-g)). On the occurrence of sag, DC link voltage
experiences an undershoot of 17 V (2.3%), and at the instant of swell, it undergoes
overshoot of 11 V (1.5%). Source current changes according to change in source
voltage to supply the required amount of power to load.

Change of load is simulated as the transition from partially loaded condition (load
1 and 2 connected) to fully loaded condition (all loads are connected) and PV operat-
ing at its rating. During the rise in load, source current is increased to cater to greater
active power demand (Fig. 6.7(h)). DC link voltage experiences an undershoot of 18
V (2.5%) and settles within 1% of the steady state in 81 ms. After the reduction in
linear load, THD of the load current is found to be 10.15% and source current THD

To observe the effect of variation in solar irradiation, the irradiation is reduced by
40% in step fashion (worst case) while the system was in the steady state (Fig. 6.8).
As a result, active power injected by PV array reduces and source current increases
to compensate for this decrease. DC link voltage experiences an undershoot and
oscillations of small magnitudes (both less than 1% of the steady state).

The variations in power angle, VA loading of series and shunt converters, and se-
ries converter output voltage under different operating conditions of UPQC-DG for
proposed method are shown in Table 6.3 (VA loads shown are considering all three
phases). Under all operating conditions, these values are kept within their designed
ratings using the proposed control method. Shunt converter is fully loaded during
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Figure 6.9: Hardware setup for experimental validation of proposed control

40% swell in source voltage when PV power output is also at peak. The series con-
verter has maximum VA loading during 40% sag in source voltage when PV power
output is nil. In case of reference PAC method (Table 6.4), the VA load on shunt
converter violates its rating for voltage swell with full PV output (case-6) and volt-
age sag with nil PV generation (case-7), because VA limitations are not taken care
in control loop of reference method. Also, in reference PAC method, the series con-
verter utilization in the steady-state and most of transient states is less compared to

shunt converter leading to uneven distribution of VA burden.

6.6 Hardware Validation

Experimental validation of developed modified SRF-PAC method has been carried

using laboratory based power hardware setup (Fig. 6.9). Ratings of hardware setup,

Table 6.5: Specifications of UPQC-DG prototype

Supply 80V, 3-phase, 50 Hz

Load-1 3-phase uncontrolled rectifier (Rpc = 90.0 Q)

Load-2 Ry = 16.8 Q/phase, Ly = 62.4 mH/phase

PV array PMPP =102 W, VMPP =150 V, VOC =175 V, ISC =0.72 A
DC link Vboe =150V, Cpe = 1150 uF

Shunt APF SSh,rated =212.0 VA, Lg, = 5.5 mH

Series APF Ssr.ratea = 204.0 VA, Lg, = 7.0 mH

Series Transformer n7 =2 (100/50 V), ST rarea = 204.0 VA
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Figure 6.10: Experimental results of proposed UPQC-DG control: (a) key waveforms
obtained in proposed modified SRF-PAC, (b) shunt compensation waveforms, (c) source
power factor (d) load power factor (e) PV array simulator control panel

given in Table. 6.5, are chosen smaller than those of CHIL because of limitations of
lab equipment. Design of converters of UPQC-DG has been carried out using the

optimum sizing approach proposed in this chapter. PV array with ratings suitable to
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Figure 6.11: Experimental results of proposed UPQC-DG control: (a) performance dur-
ing swell, (b) performance during swell, (c) reduction in solar irradiation (d) other wave-
forms during reduction in irradiation (e) DC link dynamics

direct interfacing on DC link has been simulated using TerrSAS PV array simulator.
Opal-RT OP4510 has been used as real time controller for implementing proposed
control along with PWM generation and measurement processing. Sampling time of
controller is kept as 15 ps.
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6.6.1 Steady State Results

Results of experimental validation are given in Fig. 6.10. In steady state, series APF
of UPQC participates in reactive power compensation, so, series APF voltage is in
quadrature with source current and load voltage leads source voltage. Steady state
shunt compensation in proposed control is shown in Fig. 6.10(b), where shunt APF
compensates for reactive (partly) and harmonic components of load current, and also
feeds PV power to grid. Load power factor is 0.78 lagging and due to compensation
by UPQC-DG, source power factor is found to be 0.97, which is close to unity power
factor (Fig. 6.10(c) and (d)).

Load active and reactive powers in steady state are 290 W and 190 VAR respec-
tively. In proposed method reactive power is shared as per VA ratings of converters
(Table. 6.5), the reactive VARs supplied by shunt and series APFs are 125 & 52 re-
spectively, with power angle being 16.5°. Reactive power is not fully compensated
due to non-idealities and grid still supplies a very small part of reactive power. PV
array power is extracted near its maximum power point and is fed through shunt
APF. As shown in snapshot of control panel of PV simulator (Fig. 6.10(e)), PV array
supplies 101 W, which is 98.4% of maximum power available.

6.6.2 Transient Results

Experimental validation is also carried out for transient situations of voltage sag and
swell. Performance during sag is tested for a sag of 17% (due to current limitations
of some equipment) and load voltage was maintained at its rated value (Fig. 6.11(a)).
For voltage swell of 30% of rated voltage, load voltage was maintained within 5%
of its rated value due to compensation provided by series APF (Fig. 6.11(b)). Source
current remains sinusoidal and in-phase with source voltage during sag or swell.
Performance during reduction in solar irradiation (for a steep change from 100%
to 20%) is shown in Fig. 6.11 (c). When PV power reduces, source current increases
to keep load power constant. Shunt APF current increases to withdraw power for
maintaining DC link voltage and for meeting the power losses, which were supplied
by PV. Load current and grid voltage remain unaffected by change in solar PV power.
Dynamic performance of UPQC-DG for voltage swell is shown in Fig. 6.11 (d). On
occurrence of swell, DC voltage experiences an overshoot of 9 V (8.2%) but returns
to steady state within 0.22 seconds due to PI action. Source current reduces in swell

condition to keep load power constant.
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During variation in solar irradiation, output power extracted from PV remains
close to maximum power available at that irradiation. For solar irradiation of 500

W /m?, PV array operating point shown in Fig. 6.12 is at 96.4% of maximum power.
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Figure 6.12: PV output power at reduced irradiation

6.7 Summary

In this chapter, VA rating of UPQC-DG has been optimized by sharing reactive power
between series and shunt converters of UPQC-DG in a systematic manner. Proposed
optimal UPQC-DG sizing method, which is based on improved power angle control
(PAC) is found to be superior to existing PAC methods and provides 5.16% reduction
in total VA rati i
the conventional method (without PAC). The cost of UPQC-DG with proposed PAC
based design method is also 5.94% less than that obtained with existing PAC method.
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CHIL validation performed using Opal-RT, and Dspace/micro-labbox verifies that
proposed power angle control, incorporating VA limiting method, makes sure that VA
loadings of converters remain within designed ratings under all operating conditions
of UPQC-DG, in contrast to existing PAC Method, which violates the VA ratings of
converters in some of the operating conditions. Also, proposed PAC method yields
better utilization of series converter of UPQC-DG in comparison to existing PAC
method. Proposed control method is also validated using hardware setup of UPQC-

DG for steady state as well as transient performance.
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