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Abstract

In this paper, the equation for the reactive and harmonic power compensation of a shunt Active Power Filter
(APF) system has been derived by studying the power exchange mechanism and power tetrahedron phasor
diagram. The switching dynamics of a VSI based 3-phase, 3-wire (3-leg /Half-Bridge) Shunt APF system with
hysteresis band current control has been studied and verified by simulation. The relation between the design
parameters and their effects on the active losses have also been identified. Detailed calculation and extensive
simulation have been performed for a 3-phase, 3-wire shunt APF implemented in a 400V distribution system,
as an example, to study the effects of design parameter selection and their role in active power loss calculation.
Simulated and calculated results are presented for the important design parameters for different switching
frequencies together with their associated losses and kVVA ratings. The procedure can be followed to design the

parameters for other topologies, such as 3-phase, 4-wire or single-phase systems.

1. Introduction

Technological advancement in power generation from conventional and non-conventional sources,
exploitation of renewable energy sources and their integration into supply networks and final
utilization by highly sophisticated devices in the end users’ equipment has increased the awareness of
the quality and reliability/security of the power supply. Minimization of harmonic currents, generated
due to harmonic voltages in the supply side and the non-linear loads in the end user side, is also one of

the most important and dominating components for power quality improvement. Though the concept



of harmonic current elimination by the magnetic flux compensation in a transformer core was
introduced by H Sasaki in 1971 [1], the Shunt APF (APF,) was first demonstrated by Gyugyi and
Strycula in 1976 [2]. After that, rapid progress in the development of modern power electronic
devices and state-of-art electronics circuit technology has led to a greater concentration on the
improvement of the active power filter. This includes series or shunt compensation or both at the
utility point of common coupling (PCC) to overcome voltage or current distortions or deviations. The
main purpose of these configurations is to improve the power quality in the network so that the other
consumers will not be affected by the voltage or current disturbances. Otherwise, poor power factor,

together with reactive and harmonic power losses will lead to higher costs for consumers [3,4].

To date, more than hundred research papers on shunt APF have been published in international
journals and presented at conferences. Most of the papers surveyed are based on a specific control
mechanism. Very few of them deal with the basic design configuration to select the appropriate
design components for single/three phase, three or four wire power distribution system. The design
configuration of these filters depends on the type of converter, topology, number of phases,
interfacing inductor, DC link capacitor and switching frequency. Further details of these
classifications can be found in [5-7]. Detailed discussion on classification is beyond the scope of this
study. Whatever the converter types, topologies or number of phases, there are some basic and most
important components/parameters that are needed to be properly designed to compensate unbalanced
and non-linear loads. These are;

i DC link voltage

ii. DC storage capacitor

iii. Interfacing inductor

iv. Hysteresis band

\2 Switching frequency of the inverter



A comprehensive study detailing the design procedure of an APF is not in place, where the critical
design trade-offs can be analysed. The aim of this paper is to organize the overall design procedure
for a VSI based APF system with hysteresis band current controller and to discuss the critical issues
that should be taken into consideration while choosing the design components. As the switching
mechanism plays a very important role in design/selection of the system parameters [8], the switching
dynamics of the system have been analysed and studied here in detail. The switching frequency and
the allowable maximum kV A rating also depend on the switching devices [7]. Hence the most popular
IGBT has been chosen here as the switching device for application in the low voltage distribution
level. Active power loss associated with the design parameters has also been analyzed as a rating
requirement of the shunt APF unit. Therefore, based on the switching dynamics and power exchange
mechanism, the relation among the different parameters such as switching frequency (f;,,), VSI
output voltage (vgy), voltage at PCC (v,.), DC capacitor voltage (V4.), compensating current (i),
hysteresis band (h), interfacing inductor (L) and their effect on total power loss of the filter (Py,ss)
have been identified. A wide number of simulation studies have been performed to choose the best
value of hysteresis band and the DC link reference voltage (Vgcrer). Again, as the hysteresis band is
fixed, an APF, (400V .. ) should have a maximum compensating capacity limit (with an appreciable

high efficiency greater than 90%) within which it can operate to keep the THDs at a minimum.

This paper presents a step by step procedure of parameter selection for the design of an APF to
compensate the harmonic current, generated by the load, with the following contributions;

e Equations of the compensating reactive and harmonic power calculation for the shunt APF
have been derived through the working principle, power exchange mechanism and power
tetrahedron phasor diagram of the APF

e Switching dynamics has been studied to determine the relations between the design
parameters and switching frequency. Active power loss (due to the conduction and switching)

has been associated with the design procedure for the selection of design parameters.



e Procedure for the derived equation, calculation of switching frequency and design parameters
are generalized for single/three phase half/full-bridge system

e The best choice of hysteresis band and the minimum value of V ;. are determined based on
the extensive simulation results which are important for the selection of other design

parameters

The remainder of the paper has been organized as follows. The working principle, compensating
power exchange mechanism and the power tetrahedron phasor diagram to derive the equations of
reactive and harmonic power compensation for a 3-phase, 3-wire APF system is described in Section
2. The switching mechanism has been studied in Section 3 which has been further extended in Section
4 to derive the relation between the switching frequencies and design parameters. A design example
of a shunt APF (400V..) to achieve a maximum limit of compensating harmonic power and a wide
range of selection parameters has been presented in Section 6. The step-by-step calculation procedure
and the associated active loss limit of the compensator have also been described. As the switching
frequency plays an important role in selecting the design parameters, a simulation study to verify the

switching dynamics is presented in Section 7.

2. Working principle

Fig 1(a) shows a simple 3-phase 3-wire power system with APFg,. The purpose of a APFg, is to
compensate the reactive and harmonic power of non-linear loads so that harmonics from the load
current are not injected into the grid. Thus the THD|, is minimized and the grid current is kept in
phase with the grid voltage. To achieve this, the power transfer from the APFy, to the PCC, as shown

in Fig 1(b), is performed in a controlled manner so that 6,,c.; = Opcey = 0.

Therefore, the injected current of the APF, can be written as;

T _ VShLGShU_VpCC (1)
sh ZsnsOshz



The voltage will be;

Vsn = I/pCC + Zsplsn£(Osnz + Osni) 2)

Injected power at the PCC can be obtained as;

“+ _ Vpec(Vsnt=0snvy—Vpcc) VoecVsh Vr?cc
Ssn = Vyeeliy, = = = 2(Osny—Oshp) — ya,
sh pccish Zsns—6snz ( shz shv) Zsn ( shz)

2

VoecVsn V2 A (VoecVen V2.
= {(pCZC—S COS(Hshz_Hshv)> - ZpCC Cos(eshz)} +J {(pCZC—SSln(Qshz_eshv)> - chc Sln(gshz)}

sh sh sh sh

VoecV. V2 VoecV.
= {(%Sh cosOgpy — %) cosblgy, + pg sh SinHS,wsinQShz}
sh sh sh

VeV V2 VeV
+j {(%Sh cosOspy, — chc> sinbgy, — p; oh sineshvcoseshz}
sh sh sh

Sen = {AcosOgy, + Bsinbgy,} + j{Asinbgy,, — BcosOgy,} (3)

wher

VpecVsh V2 VpecVsh .

e, ZE o560, — £ = Aand ZEsinb;, =B

shv shv
Zsh Zsh sh

Subsequently, this transferred power can be divided into its fundamental and harmonic components.

The components can be given as;

Ssn = Psp +jQsp = (Pshf + PshH) +j(Qshf + QshH) = \/Pszhf + Qszhf + Hszh (4)

This can be reflected in the power tetrahedron diagram [9], as shown in Fig 1(c). Therefore, from (3

and 4), putting the values of A and B, it can be written as;

VeV, V2

_ pccV sh pcc

(Pshf = (—Z cosOgp, — 7 )cos@shz
sh sh

ViecV. V2
_ pccY sh pcc .
! Qshf - (Z_ cosOspy — Z_) SinBsp, ©)
sh sh
VeV
_ VYpecYsh .
Hgp = Tz sinfgpy



Now, as 26y, is very small (sinfgy,,, = Osp; c0SBsn, = 1), then 26yy,; is approximately depends on
284y, 1.€. the injecting/compensating current depends on the type of impedance. If Z, is inductive,

then 28, = 90°, therefore,

(P. shf = 0
_ VpCCVsh Vz?cc _
Qshf = Zen - Zen = I/pCC[Sh (6)

VyecV.
__ VYpccVsh _
leh -z eshv - Vpcclsh
sh

This is the general equation (6) for the reactive and harmonic power compensation of a shunt APF
system. It indicates that the active fundamental power (Pgpf) transfer from the APFg; to the PCC is
zero. The compensating reactive and harmonic power can be controlled by varying the amplitude of
Vsn, and 84, (the phase difference between the voltage at VSI and PCC). From (6) it is also found that
the APF, can compensate the reactive power only when Vg, > V... The maximum compensating

. . . dQs . i
capacity of the filter can also be found by solving ?/hf = 0. Therefore, the maximum reactive power

d pcc

compensation capacity of the 3-phase APFg, will be;

szcc—max
Qshf—max = 3T (7)
and it occurs when Vg, = 2V, (8)

Similarly, the maximum harmonic compensation capacity of a 3-phase APF, can be obtained as;

Vpcc—maszh—max

Hsh—max =3 7 ,Whlle Sineshv =1 (9)
sh

Therefore, (7) or (9) can be used to calculate the maximum reactive or harmonic compensation

capacity of a 3-phase APFy,.

The main VSI rating for the reactive and harmonic power compensation of the APFg, can be written

as,



(VSIrating—q = Svsi—q = Qshf2 + Ploss2
i \ (10

2 2
VSIrating—h = Svsi—h = |Hsn" + Ploss

where P is the total active power loss of the APFg, during its compensation task which includes
conduction loss of interfacing inductor, transformer (if any), VSI and switching loss of VSI. The
value of conduction and switching losses of VSI mainly depends on the DC voltage source of the
switches, current flow and energy transfer during the on-off condition and the switching frequency
[10]. If the overall impedance of the APF system is considered as (jwLs, + Rgp), then the Py,qs will

be;
Pioss = 3Isthsh (11)

where I, is the rms value of the compensating current, Ry, represents the conduction and switching

losses per phase of the VSI and the isolation transformer (if any) [8].

For circuit simplicity and to describe the compensating power exchange mechanism between the
APF, and grid PCC, a working diagram for phase A is shown in Fig 2(a), where S,, represents the
switch of the switching devices. When v, > v, switch S,,; conducts and a leading current flows
from the APF4, to the PCC. In this case, the APFg, operates in capacitive mode and a leading current
is generated by the APF. Similarly, vg, < vy, results in a lagging current in the conducting switch
Swa- In that case, the APF operates in inductive mode. Both of the conditions can be represented as an
Inverter and Rectifier mode of operation respectively if the VSI of the APF deals with active power
exchange [11]. When vy, = vy, no current flow occurs between the APF and PCC and hence the
power exchange becomes zero. According to Kirchhoff’s voltage law, the basic equations for the

capacitive and inductive mode can be derived as;

di . o
Vsh — Upce — Lshd—sth — Rguign = 0 for capacitive 12)
di ; . .
— Vsh — Vpec — Lshd—sth — Rgpign = 0 for inductive



3. Switching dynamics

Because of its simplicity of implementation, fast response, enhanced system stability and increased
reliability [12, 13], a hysteresis band current controller is generally used to control the actual
compensating current (i) at the PCC by tracking the desired reference current. Fig 2(b) represents
the switching dynamics for one phase of the APF,. It also shows how the compensating current (i)
tracks the reference current (isp,r) Within the hysteresis band limit (h). For H-bridge single phase
system, the detailed switching dynamics has been studied in [8]. Similar approach can be

implemented here for single / three phase system and can be generalized with respect to V.

The switching on and off time for S,,,; or S,,, can be found from (12) and [8] as;

Swl — (2h+hon)Lsh
on Vsh—Vpcc—ish-Rsh (13)
h—h
SWlOff = _(2 Off)LSh

Vsh+Vpcctish-Rsh
where, hyp, = ishrefz - ishrefl and hoff = ishref3 - ishrefz

These (hon, hofr) values are negligible for a smooth variation of reference current and it occurs when
switching frequency is high or close to its maximum. During low/minimum switching frequencies the
variation of reference current could be high and then it may be required to consider in case of
minimum switching frequency calculation. The general equation for the switching frequency can be

written as;

1 1

Slon+Slofs (2h+hon)Lgp ] + (Zh—hoff)Lsh
Vsh = Vpcc— isp-Rsp Ysh +Vpcc + isp-Rsp

fsw (14)

4. Calculation of design parameters

The following section will discuss the procedure for harmonic current compensation. A similar
procedure can be followed for reactive current compensation. As the VSI,.q4in 4, Value is calculated

from Hyp, and Py, Of the APFg,, (which depends on the Vg, Igy, Lg, and f,,) to compensate specific



harmonics, the maximum limit of these values should be considered to determine the maximum
acceptable Py,s5 as well as VST 4¢ing—p- Again, from the study of switching dynamics it is found that
the switching frequency is very much dependent on the V., Vsp, ish, Lsp and h. Therefore, the proper
value and selection procedure of these parameters are very important to determine the capacity of the
APF, to perform its required tasks. Based on the working principle, power flow and switching
dynamics study, the following steps describe the procedure and criteria for the selection of design

parameters.

Switching frequencies (fs)

Considering that h,, and h,; are negligible for smooth varying reference current and high frequency

conditions, the switching frequency (14) can be simplified as;

1752h - (Upcc + ish- Rsh)z

f:sw - 4hLSh' Ush
= Zsn_[q _ {Vpccmax (sin wt 4 —seRsh i (15)
4hLgp Ush pcc—max

where, v,cc = Vyec—max Sinwt. The solution of this equation to derive the maximum (fsmax):

minimum (fsymin) and zero-crossing (fswzero) SWitching frequencies has been explained in [8] and

can be found as;

fowmax = 3o (16)
fswzero = fswmax [1 - (%)2] (17)
fromins = a1~ {2z (it ) )
frmns = w1~ {252 (1 gzt ) @9




Over a complete cycle, the switching frequency (fs,,) and compensating current (isj) also vary. The
maximum compensating current can be found where (vs, — vp) is maximum and this can be
explained from (1) and Fig 2(a). That is, when v,.. is near to O (zero), is, should be maximum.
Therefore, it is clear that the maximum switching frequency, fs,ymax Should occur at or near the zero
crossing condition (depending on the reactive and harmonic components of the load current). Also, at
this point, h,,, and h,ss both are negligible compared to 2h. Equation (16) should then be modified

as;

sh(0)
fswmax = z,:lm (20)

where v, (0) represents the value of vy, at or near the zero crossing condition. Similarly i, should
be minimum where (vg, — vp¢c) is minimum. Here, the switching frequency will also be minimum.
At that condition, the values h,,, and h,ss should be comparable to 2h and will have an effect on
calculating the minimum switching frequency, fywmin. Therefore, equations (18) and (19) may not
give the accurate result and hence the general equation (15) should be used to calculate the other

switching frequencies.

The relation between the V,;. and v, for single and three phase VSI can simply be obtained from
[12], as shown in Fig 3. Therefore, (20) can be used to calculate the f;,,max fOr single or three phase

system. Thus it can be written as;

(Lae for 1 —phase, Half — Bridge (HB) system

| 8hLsp
fswmax = ;l—‘zzh for 1 or 3 —phase, Full — Bridge (FB) system (21)
12Vi:iLc for 3 —phase, Half — Bridge (HB) system
sh

Interfacing inductor (L)

The derived methods in [14-17] for calculating the value of L, are mainly based on a fixed frequency
PWM converter with an assumption that the ripple current attenuation or peak compensation current
and the maximum harmonic voltage also are known. The value of L, can also be calculated from (6)

where the value of Hy,, Vs, and Ig, should be pre-determined.

10



VCC
Lgp = £ Vsn (22)

wHgp

In the case of a hysteresis band current controller, this value of L, can easily be calculated from (20),
once the values of f;,,max and hysteresis band (h) are set. As the switching devices, typically, have a
limit for the maximum switching frequency and therefore the value of L, also should have a
minimum value which is acceptable for the compensating devices. It is found that the f;,max Of IGBT

is around 20kHz. The minimum value of Lg, then should be;

<n(0
Lshmin = Y@ __ (23)

4hf swmax(1GBT)

Once the value of Vg, and f,max are fixed, the limit of Lgy,,i, for a specified APFg, can be

determined by lowering the value of h within the acceptable range.

Hysteresis band (h)

From (16), it is clear that the selection of hysteresis band is very important for selecting the switching
frequency and there should be a typical range of h to keep the THD,,.. within 5% as specified by

IEEE. This can be found as;

h=k. Ishmax (24)

where, k = 0.05 ~ 0.15. Although there are several advantages associated with hysteresis band
controllers as mentioned earlier, the only disadvantage is the varying switching frequency with the
system voltage. This can be overcome by fixing the switching frequency with a modified or variable
hysteresis controller [18, 19] but then the complexity in the system control may increase.

DC link voltage (V)

The purposes of the DC link capacitor (Cy.) are - i) to maintain the ;. with minimal ripple in steady-
state, ii) to serve as an energy storage element to supply the reactive/harmonic power of the load and
iii) to supply the real power difference between the load and source during the transient period.
Therefore, the size of the C,. should be selected, and the controller should be designed in such a way,

that the APFg, can compensate the real power difference for a short transient period (typically a

11



number of msec.) after which the controller should be able to adjust the reference current. Thus the

V4. can be maintained at a reference value.

Depending on the topology, different methods or approaches have been presented in [14-18] to
develop the relation between V.., Vg, and V.. For a 3-ph, 3-leg system, considering the amplitude
modulation factor, m,=1, the minimum value of V. should be at least equal to 2V,cc_mqx [14], OF
2v/2. Vg, [15-17], or greater then v/3. Vyymax [18]. Based on this information, the minimum value of

V4 can be derived as;
Vdc > \/§ I/;Jcc—max (25)

Although the higher V. does not have much impact of THDyy,., it can increase the THDy,,. and thus
degrade the quality of the source voltage [20]. Therefore, lowering the difference between V.. and

Vsn will improve the system performance and stability of the voltage at PCC.

DC link capacitor (Cgc)

As an energy storage element, the DC link capacitor should be capable of performing all the functions
described in the DC link voltage section. And in general, the energy handling capacity determines the

size of the capacitor. The basic equation can be written as;

Cdc _ 2.5n.T — 2.5.n.T — sSn.T (26)

Vt%cmax - decmin {(1+2)Vqc}? - {(1-2)Vgc}? Z'Z'dec

where S is the power required to be compensated during the steady state condition or the transient
condition to fulfil the functions described in the DC link voltage section. T is the required time period
for one complete cycle, n is the number of cycles for energy transfer and z is the percentage of V. to
replace the Vycmax @aNd Vgemin, the maximum and minimum allowable V. respectively to perform the
specific task. For a specific system, it is better to consider the higher value of C,. so that it can handle

all of the above conditions. It also helps to get a better transient response and lower the steady-state

ripple.

12



5. Selection of design parameters for a 3-ph, 3-wire APF,

This section deals with some simulation study and calculation for the proper selection of design
parameters. As an example, the initial target of maximum harmonic compensating current, Ispmax.
has been set at 100A which requires an APFg, of 48.8 kKVA rated capacity (Hgp,) in a 400V .
distribution system. Again the rating of the VSI, S,;_, of the compensator depends on the Hg, and
P,,ss Which are associated with the Vg, I, and Rg, in (6) and (11). These are also related to the rating
of the switching device and other design parameters including f;,,, h and V., in (17 - 25). Therefore a
wide range of values of these parameters has been chosen to calculate the P;,¢, and S, and to
perform the simulation study to observe the performance of the selected appropriate design
components. The connection topology and switching configuration of a 3-ph, 3-wire APF, together
with the chosen parameters range is shown in Fig 4(a).

Fig 4(b) shows how the actual VSI rating (S,s—p) increases with the value of Ry, for a specific
Lsnmasx- The actual compensating power of the APFg,, Hg, can be calculated from (6) and in the Fig
7(a) it is represented when R, is zero. Though Ry, is related with the design parameters, in some
research articles the value of R; was considered to be between 0 and 2Q [16, 21 - 27]. For example,
to compensate 48.8 KVA of Hy,,4, the required S,,;_, will be 49.0 kVA, if a value of 0.3 Q for Rgy, is
used as shown in Fig 4(b) (point A). The VSI rating will be increased upto 57.7 KVA, if Ry, is
assumed to be 2Q. This is shown as point B in Fig 4(b).

The corresponding active power loss Py, as a ratio (%) of (Pjyss / Sysi—p) for the unit is shown in
Fig 4(c). For Ry, = 0.3Q, the actual Py,¢ IS 4.5 kW, calculated from (11). In terms of ratio it is
around 9.2% of the VSI rating which is reflected as point A in Fig 4(c). Point B in Fig 4(c) shows the
corresponding ratio for the point B in Fig 4(c), which is around 52%. Therefore it would be better to
lower the R, value. Considering the ratio of 10% as a loss, it can be calculated that a value of R, up
to 0.4 Q would be an acceptable selection for a 49kVA (Ispmax = 100A) compensator. The shaded
part of the Fig 4(c) also reflects the possible limits of I, Tor possible Ry, values that can be

considered between 10% ratio and 1Q.

13



Again from the switching dynamics study (14-16), it is found that the f,, depends on the system
parameters such as Vs or Vg, h, Lgn, Vpeer Isp and Rgy. Practically, the maximum switching
frequency, fsvmax depends on the type of power switching devices. Generally, IGBT switches are
preferred in most of the power electronics devices at distribution level due to their fast switching
speed, low switching power losses and high power handling capability. With these above stated
constraints, the initial limit for some of the parameters was fixed to design a shunt APF which has
been given in Table 1. The remainder of the component selection has been carried out based on these
parameters.

Table 1- Initial maximum limit for some of the design parameters

Parameters Value (Initial Maximum Limit)
Hipaa 49kVA
Ve (-1 400V
Ishmax 100A
fswmux 20kHz
Rsh 1Q
Ploss 10%

A series of simulation studies and other calculations have been performed based on the design
procedure, as shown in Fig 8, to select the best values of h and V4. which are further required to set
the value of L, and to determine the limit of I, and Hyp, and S,¢;_p, to operate the APFg, within its
loss limit or with maximum efficiency. Critical design decisions are then verified against the derived

procedure in the previous section and described in the following section.

Selection of hysteresis band, h

Within the fomax @nd Pjoss limit, some simulation studies have been performed for different values
of compensating current (I,y), interfacing inductor (Lgy,), ratio of V/V,ccmax (M) and hysteresis band
(h) to select the appropriate band limit and to obtain the best THD;; or THDyy.. Within the IEEE
standard limit. Fig 5(a) shows the result of these simulation studies in terms of THD,, (%) vs h (% of
Lsnmas) Which reflects the limits of h that has been considered in (24). It is found that for a precise

calculation and to obtain the best performance of a APFg,, h should be selected as between 5% to 10

% of 1 shmax-

14



Limit on the Igpmax

The relation between fgymax aNd Igpmax €an be derived, from (21) and (24), as follow;

Vic (27)

ﬁswmax 12kIspmaxLsh

It shows that for a constant value of Ispmay, the maximum switching frequency, fiwmax, INCreases
with the decrease of L. Again the size limit of Lg, can be increased with the increase of m
(Vac!Vocemax) and Ispmaz-

For a fixed value of Ly, and f,ymax, the limit of I, Can also be increased by reducing h. Fig 5(b)
shows how the switching frequency increases with the decrease of L, and increase of m. For I, max
= 10A, a minimum 2mH of Lg;, should be used with h = 10% of Ig,,4, @nd m = 1.4 to keep the
fswmax Within the IGBT switching limit (20kHz), shown in point A. Within this 20kHz, the limit of
Lsnmas Can also be increased up to 40A (as shown in the shaded part of Fig 5(b) by reducing the L,
to 1mH, at point B) or up to 200A (at point C, as shown in the shaded part of Fig 5(c) by reducing the
Ly, to 0.5mH, h = 5% and increasing m to 3.6). But in these cases (B and C), there will be a high
level of power loss in the VSI unit and the voltage THD at PCC will also increase due to the higher
V4e (high m) [20]. Therefore, after fiXing fsmax (20kHZ) and h (10%), the Ispmax has been

calculated for different Ly, and m values which are given in Table 2.

Table 2 - Values of lgmax and Lg, for different V4. condition at fgymax = 20kHz

fo = 20K m

h =10% 1.6 1.8 2 2.4 2.8 3.2 3.6 4
Ly (mH) Ishmax

0.1 216.8 244.0 2711 3253 3795 4337 4879 5421

0.5 43.4 48.8 54.2 65.1 75.9 86.7 97.6 108.4

1 21.7 24.4 27.1 325 37.9 434 48.8 54.2

2 10.8 12.2 13.6 16.3 19.0 21.7 24.4 27.1

4 54 6.1 6.8 8.1 9.5 10.8 12.2 13.6

6 3.6 41 45 54 6.3 7.2 8.1 9.0

8 2.7 3.0 34 4.1 4.7 5.4 6.1 6.8

10 2.2 24 2.7 3.3 3.8 4.3 49 54

12 1.8 2.0 2.3 2.7 3.2 3.6 4.1 4.5
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Selection of V.

A number of simulation studies were performed for various values of Ispmax, fswmax: N @nd Lg, to
observe the THD s with respect to V.. It is found from Fig 6(a and b) that the m value should be at
least 1.7 (Vaemin = 1.7Vpcemax ) 10 Obtain a THD s within the IEEE limit, as shown in the shaded area.
This also validates the relation between V. and V,ccmax as given in (25). For higher Vg, THDs is
also found to be within the limit, shown in Fig 6(c) but it then can degrade the quality of voltage at the
PCC. Therefore it is preferable to consider the value of m close to its lower limit. It will also help to
reduce the value of R, by reducing the L.

Fig 7(a) shows how the P, increases (point A, B and C) with the decrease of f;,,max While other
parameters are fixed. This also shows the loss increases with the increase of m. Therefore it is better
to chose a lower value of m. Corresponding design parameter values for the points A, B and C are also
given in Table 3.

Once the values of M, fomax @nd h are fixed, Ispmay €an be calculated for different Lg,. Lower the
value of Ly, will help to reduce the Rg;,. The value of R, is set from Fig 4(b,c) for a fixed value of
Susi—n and Py, Within the limit. It is difficult to calculate the switching loss. Therefore, the resistance
value (act as a loss emulator) should be low, as it is responsible for conduction loss (transformer +
inductor). Table 4 shows the possible limit of compensating current (Is;,mq4,) @nd harmonic power
(Hshmax) for the corresponding Ly, while fo,max = 20kHz, m = 2.0; h = 10%. The ratio of active
power loss (P,) to the rating of the VSI (S,;_,) for different values of Rgjare also shown in the table
which helps to select the appropriate parameters for the design of the shunt APF compensator. As an
example, (while fsymax = 20kHz, m = 2.0; h = 10%), a 0.5mH of interfacing inductor (L) can be
used to compensate upto 90A of I,.mq, fOr which the required capacity of the APF (Hgy,) is 44 KVA.
But then the rating of the VSI and the active power loss depend on the Rg;,. To keep the loss within

10%, the value of Ry, should not be more than 0.4Q.
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Selection of Cy,

From the general equation (26) it is found that the value of C,;. depends on the purposes of the DC
link capacitor, the required level of power (S) to be compensated/transferred, the number of cycles (n)
and the allowable change of V,;. (z). Once the value of V;. (or m) and the number n are fixed, Cy,
only depends on S and z. Fig 7(b) shows the relation between z and S with respect to C;.. For
example, if a compensator is allowed to transfer 20kVVA of load power during the transient condition
and the task is completed within a half cycle (n = 0.5) with an allowable change in ;. of 10%, then
the required capacity of C,4. will be around 3000uF for m = 1.8, point A, which is further reduced to
2500pF for m = 2.

Table 3 - Parameter values corresponding to the points shown in Fig 12

Ry, = 10;m = 2.0; Ly, = 2mH; h = 10% | Pioss %)
Point fsw (kHZ) Ishmax (A) Svsi—h °
A 20 14 4
B 16 17 5
C 12 23 7

Table 4 - Possible limit of I,ma0x » Hshmax @nd Lg, With the Lloss. (%) for different values of R,

vsi—h
fow = 20 kHz; m = 2.0; h = 10% )

1.0 08| 06| 04| 02| 01

Lgp, Ishmax Hgp Pross (%)

(mH (A) (kVA) Spsi

0.1 451 220|581 | 465 | 349 | 232 | 11.6 5.8
0.5 90 44 | 21.7 | 174 | 13.0 8.7 4.3 2.2
1 45 22 | 12.2 9.7 7.3 4.9 2.4 1.2
2 23 11| 6.5 5.2 3.9 2.6 1.3 0.6
4 11 6| 34 2.7 2.0 1.3 0.7 0.3
6 8 41 2.3 1.8 14 0.9 0.5 0.2
8 6 31 1.7 1.4 1.0 0.7 0.3 0.2
10 5 2| 14 1.1 0.8 0.5 0.3 0.1

6. Verification of switching dynamics and frequencies

As discussed, the design parameters of the APFg, are related to the switching frequency, f,, as well
as the hysteresis band, h and V,;.. The switching mechanism has been studied and verified with the
derived equations in the previous Section. Table 5 shows the design parameters for a specific

compensator that has been chosen to investigate the switching dynamics and to determine the
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switching frequency. Fig 8(a) shows the V,.c, Vsp, Is, Isps li0aqa @nd Sy,4 for phase A when the shunt
APFy, is operating. It is clear that the f;,,mqx OCCUrs near the zero crossing condition where V. is
close to zero and Vg, is 1/3 of V. The variation of s, during one on-and-off time period (h,,, and
hosr) of gate S, is also negligible compared to 2h (in Fig 2). Otherwise, the effect of these values on
the calculation of f;,max 1S Negligible. Fig 8(b) shows that the system has been designed for fimax =
15kHz which can simply be calculated using (16) and by neglecting h,,, and h,ss. If the values are
compared with that in (20), fswmax 1S found to be the same.

Similarly fowmin1 0CcUrs where Igy, is close to zero, shown in Fig 8(c). At this point, V.. goes to its
positive peak and Vg, = 2/3 of V.. h,p, can be calculated as 0.77A and h ¢ ¢ is 0.64 (from 13). Putting
these values in (16), the fs,min1 1S Calculated as 10.7kHz whereas neglecting the values of h,, and
hofs in the calculation gives a value of 12.1kHz. This makes a significant difference in the actual

simulated f,,min condition, though it does not have any impact on selection the design parameters.

Table 5 - Design parameters of a Shunt APF for the verification study of switching frequencies

Component Parameters Values

Supply Voltage 230 Vrms, 50
Hz

DC link Voltage 600 V

DC storage Capacitor 2200 pF

Interface Inductor 1.666 mH, 1Q

Hysteresis band (h) 2 Amp

Maximum Compensating Shunt Current 30 Amp

7. Conclusion

Equations for reactive and harmonic power compensation have been derived for a shunt APF system
by analyzing the power exchange mechanism and power tetrahedron phasor diagram. Switching
dynamics has been studied to develop the relation between the design parameters and the switching
frequencies. This is also verified by simulation. Active power loss is also co-related with the selection
of design parameters and maximum switching frequency. A design parameter selection procedure
with an example has been described here by initially setting a maximum switching frequency and loss
limit. The best choice of hysteresis band and the minimum value of DC link voltage are set by

carrying out extensive simulation to maintain the source current THD within the IEEE limit. Variation
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of these parameters to design the other components and associated losses are also calculated. A Shunt
APF system with a wide range of design parameters has been simulated and the results are shown to
compare the design parameters with their associated power losses and the required kVA rating. This
procedure can be generalized to design the parameters for other topologies of APFg, system and

would be useful for practical design and development of the shunt APF system.
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Fig 1- (a) A 3-phase 3-wire power system with APF,; (b) Power transfer from APFg, to the PCC; (c)

Load

(©)

Power tetrahedron diagram for APFy,
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