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Abstract: Reactive power and negative-sequence current generated by inductive unbalanced load
will not only increase line loss, but also cause the malfunction of relay protection devices triggered
by a negative-sequence component in the power grid, which threatens the safe operation of the
power system, so it is particularly important to compensate reactive power and suppress load
imbalance. In this paper, reactive power compensation and imbalance suppression by a three-phase
star-connected Buck-type dynamic capacitor (D-CAP) under an inductive unbalanced load are
studied. Firstly, the relationship between power factor correction and imbalance suppression in a
three-phase three-wire system is discussed, and the principle of D-CAP suppressing load imbalance
is analyzed. Next, its compensation ability for negative-sequence currents is determined, which
contains theoretical and actual compensation ability. Then an improved control strategy to
compensate reactive power and suppress imbalance is proposed. If the load is slightly unbalanced,
the D-CAP can completely compensate the reactive power and negative-sequence currents. If the
load is heavily unbalanced, the D-CAP can only compensate the positive-sequence reactive power
and a part of the negative-sequence currents due to the limit of compensation ability. Finally, a 33
kVar/220 V D-CAP prototype is built and experimental results verify the theoretical analysis and
control strategy.

Keywords: dynamic capacitor; inductive unbalanced load; reactive power compensation; imbalance
suppression; compensation ability

1. Introduction

There are a large number of inductive unbalanced loads in three-phase three-wire power
systems generating reactive power and negative-sequence current, which not only increase line loss,
but also cause malfunctions in overload protection devices triggered by negative-sequence current,
thus threatening the safe operation of the power system. It is particularly important to compensate
reactive power and negative-sequence current [1,2].

Reactive power compensation is an important means to improve power quality. Shunt power
capacitors and shunt reactors have been widely used in power grid [3], but they can only provide
constant reactive power. Different from fixed capacitors, static Var compensator (SVC) has
advantages of adjustable reactive power and rapid response speed. Elements which may be used to
make SVC typically include thyristor-controlled reactor (TCR) and thyristor-switched capacitor
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(TSC). In [4,5], two kinds of reactive power compensation schemes along with harmonic reduction
techniques for unbalanced loads are addressed. Although with novel solutions, harmonic problems
produced by TCR obtain some improvement, while high energy loss and large volume further limit
its development.

Compared with SVC, the static synchronous compensator (STATCOM) has higher
compensation accuracy, faster regulation speed, stronger compensation ability, and lower harmonic
content based on a fully-controllable power semiconductor device and high switching frequency [6].
Two control strategies for star-connected and delta-connected STATCOMSs under an unbalanced load
are proposed in [7,8]. However, the ability of a STATCOM compensating negative-sequence current
is affected by its structure. In [9], the compensation ability of STATCOM with star and delta
configurations is indicated and analyzed. The third-harmonic injection method proposed in [10]
achieves a significant improvement in STATCOM ability of simultaneous compensation for reactive
and negative-sequence current. Considering unbalanced grid voltages, an improved regulation
scheme with positive and negative sequence control for modular multilevel converter (MMC) in
medium-voltage distribution static synchronous compensator (DSTATCOM) application is proposed
in [11].

Although the compensation characteristic of a STATCOM for reactive and negative-sequence
currents is good, it is complicated to stabilize and balance DC-link electrolytic capacitors” voltages,
which will influence the reliability of STATCOM s [12,13]. Additionally, the high cost of STATCOMs
affect their application in low-power applications. Although a matrix converter can be designed as a
dynamic compensator without the bulky electrolytic capacitors, large numbers of bi-directional
switches have to be used [14,15].

In [16-18], a magnetic energy recovery switch (MERS) is applied in reactive power compensation
due to its characteristic equivalent to a variable capacitor. However, it will produce some harmonics
because it adopts a phase-shifting control method. Additionally, electrolytic capacitor voltage
fluctuation will further increase the harmonic contents of the output current. Similar to MERS,
another VAr generator is analyzed in [19,20], which can be equivalent to a variable capacitor with a
H-bridge inverter and DC capacitance. The same as with STATCOMs, the voltage fluctuation of the
electrolytic capacitor on the DC side will affect their reliability.

Considering a large number of fixed capacitors in a distribution system, it is economical if power
electronic technology can be used to reconstruct them to achieve better performance. Compared with
the above compensators, the dynamic capacitor (D-CAP) is a simple, reliable, and economical
solution without bulky electrolytic capacitors, which is composed of a power capacitor and a thin AC
converter (TACC) [21-23]. Furthermore, the TACC could be configured with a simple topology, such
as a Buck, Boost, or a Buck-Boost circuit, so the D-CAP has great potential to be used in low-power
applications. Extending cells with a series connection, it is also feasible for the D-CAP to be applied
in high-voltage applications [24]. Considering harmonic contents in the grid voltage, the output
currents of the D-CAP will contain some distortions due to the impacts of self-resonance and on-state
voltage drop of the switches. In order to reduce the harmonic content of the output currents, a
waveform shaping strategy and a resonance damping method are proposed in [25] and [26],
respectively.

Although reactive power compensation has got some focus for D-CAP, load imbalance
suppression has not been discussed. Since the D-CAP is equivalent to a capacitor controlled by the
duty ratio, it is meaningful to study how to suppress the load imbalance by capacitors. Reference [27]
shows that only adopting capacitors cannot compensate for all unbalanced load, but it does not
specify its compensation range. Using a delta-connected D-CAP to compensate the unbalanced load
has been studied in the author's previous article [28]. Although the voltage in each phase is the same
for a delta-connected D-CAP without the potential deviation at the neutral point, the line voltage of
the delta structure is larger than the phase voltage of the star structure. For a star-connected D-CAP,
the operating voltage of the switching device is lower than a delta-connected D-CAP, and the number
of cascaded units is less, especially in high-voltage applications [24]. Due to the cost advantages, it is
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also of great significance to study star-connected D-CAPs. In this paper, reactive power compensation
and imbalance suppression for a three-phase star-connected Buck-type D-CAP are explored.

The innovations of this paper can be described as follows: In Section 2, the relationship between
power factor correction and load imbalance suppression in three-phase three-wire system is analyzed.
In Section 3, the theoretical compensation ability of the D-CAP for negative-sequence current is
derived. Considering that the rated voltage of the D-CAP is limited, the actual compensation ability
of the D-CAP is also analyzed. In Section 4, an improved control strategy is proposed, which can
make the D-CAP compensate negative-sequence current the best. Finally, experimental results verify
the correctness of the theoretical analysis and the effectiveness of the control strategy.

2. Principle of the D-CAP Compensating for Reactive Power and Suppressing the load imbalance

2.1. Relationship between Power Factor Correction and Imbalance Suppression

For the system of a three-phase star-connected Buck-type D-CAP and inductive unbalanced
load, shown in Figure 1, in order to simplify the analysis, only fundamental components are
considered. The load is linear and the three-phase voltages on the grid side [um um ur] are balanced
and symmetrical, where:

u,, =U, sin(ax)
u, =U, sin(@t—120°) )
u, =U, sin(wt+120")

ica L, Si14812, Sa1q Sr2a
iaPratjO1a
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Figure 1. (a) Three phase star-connected Buck-type D-CAP compensating for inductive unbalanced

load; and (b) the structure diagram of the three-phase star-connected Buck-type D-CAP.

As shown in Figure 2, according to the symmetric component method, the three-phase grid side
currents [is. is isc] can be decomposed into positive-sequence components [ig, i, is.] and negative-
sequence components [i,, i i ], where:

iSa = i;ra + i;a
is, =I5, sin(ot — ") @)
s, = I, sin(@r —¢7)
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Figure 2. Grid currents phasor decomposition into positive and negative sequence currents.

Reactive power Qs: of phase A can be decomposed into reactive power generated by i, acting
on ur. and reactive power generated by i;, acting on ur. Similarly, Qs» and Qs. can be decomposed in
this way. Reactive power at the grid side can be expressed as:

QSa = Um (I;m sin ¢+ +I.;m sin ¢7) /2
QSb = Um [I;m Sin ¢+ + L;m Sin(lzo0 + ¢)—)] / 2 (3)
Os. =U,[I;, sing’ — I, sin(120" =)/ 2

In Equation (3), ¢ is the phase angle of i;, lagging behind ur, ¢- is the phase angle of i, lagging
behind ur. If power factors of phases A, B, and C on the grid side are 1 under the effects of the D-
CAP, which means Qs.= 0, Qsv=0, Qsc= 0, then:

I, sing" =0
L?_f @
Sm

Equation (4) shows that both positive-sequence reactive components and negative-sequence
components of the three-phase grid side currents are 0 at this time, and only positive-sequence active
components are left at the grid side.

Consequently, in three-phase three-wire system with unbalanced load, if three-phase power
factors at the grid side are equal to 1 under the effects of the D-CAP, then the D-CAP can compensate
the reactive power and suppress load imbalance.

2.2. Principle of the D-CAP Suppressing the load imbalance

The D-CAP is equivalent to the capacitance of D; Cx under the control of the constant duty ratio
[21,22]. Considering that the neutral potential drift of the star-connected D-CAP will bring more
complexity and trouble to the analysis, the equivalent capacitance of the D-CAP can be transformed
into delta-connected capacitors, shown in Figure 3a, if delta-connected capacitors meet Equation (5):

C,=D:D;C,C,/(DC,+D;C,+DC.)

C,. =D;D’C,C./(DC,+D;C,+D>C.) (5)
C.. = DID;C.C, 1 (D;C,+D;C,+DIC,)

Shown in Figure 3b, ica can be decomposed into active component i, parallel with ur, and
reactive component i¢,, perpendicular to ur. Similarly, ic.c can be decomposed into #,. and i,. Then
the reactive and active components of ic. can be expressed with i, + i, and it,, + it,. Similarly, ics
and icc also contain active and reactive components. The total active power absorbed by the three-
phase D-CAP is 0, which provides feasibility for the D-CAP to suppress load imbalance by
transferring active power and compensating reactive power if the duty ratio can be controlled
reasonably.
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Figure 3. The principle of the D-CAP suppressing load imbalance: (a) Transformation from the star-
connected D-CAP equivalent circuit to delta-connected capacitors; and (b) the phasor decomposition

of iCab, and icac.

From Figure 3b, reactive powers absorbed by the D-CAP can be calculated:

QCa = _3szw(cab + Cca) / 4

O, = _3Uriw(cab +C,.)/4 (6)
O, = —3Un21a)(Cw +C,.)/4

Supposing i« can be decomposed into the positive-sequence component i, and negative-
sequence component i,
iLa = iZa + l;a
i, =1}, sin(or—6") %)
i, =1, sin(wt—6")
In Equation (7), 6* is the phase angle of i;, lagging behind ur, and 6 is the phase angle of i,

lagging behind ur.. Three-phase reactive powers at the grid side after the D-CAP put into operation
can be deduced:

0,,=0., +0,,=U, (I} sin@ +I, sin6)/2-3U.a(C,, +C.)/4
QSb :QCh + QLh :Um []Zm Sin 9+ + [L_m Sin(l 20° +0— )] / 2 - 3U31w(cab + Cbc ) / 4 (8)
0,=0, +0,.=U [I] sin@" -1, sin(120°—67)]/2-3U.a(C,,+C, )/ 4

Lm
Assuming Qs. =0, Qs» =0 and Qsc =0, then:

C, =[I, sin@" +2I; sin(120° —6)]/ Bal,)
C, =(I' sin@ —2I; sin6)/(BaU,) )

C, =[I,sin@" —2I;, sin(120° +67)]/ B,

If three-phase equivalent capacitances of the D-CAP meet Equation (9), the power factors of the
three-phase grid side will be corrected to 1. According to the relationship between power factor
correction and imbalance suppression in Section 2.1, reactive power will be compensated and load
imbalance will be suppressed absolutely.

3. Compensation Ability of a Star-Connected D-CAP for Negative-Sequence Currents

3.1. Theoretical Compensation Ability of a Star-Connected D-CAP
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In Equation (9), we can find I,,sin0" is the positive-sequence reactive component amplitude of
the load currents, and I,,sin0 , I,,sin(120° + 6 ), -I,,sin(120° — 0 ) are the negative-sequence reactive
components amplitude of the load currents. For example, under some load conditions, the positive-
sequence reactive components” amplitude is smaller than two times of negative-sequence reactive
components amplitude. Then the value of Ci is negative according to Equation (9), which is
unachievable for the D-CAP. Therefore, the compensation ability of the D-CAP is limited.

Take phase A as another example shown in Figure 4. Draw vertical line relative to ur from the
end point of i;, and dividing line 1 parallel to u at the midpoint of vertical line. The value of Cuw is
positive if i, is in the zone 1 which is above dividing line 1. Similarly, the values of Cu and Cic are
positive if i, and i,. are in zone 2 and zone 3, respectively. Considering that i, i,,, and i,, are
symmetrical, the value of Ca, Ci, and Cu are all greater than 0 if and only if i,,, i,,, and i,. are all in
the ARST.

Consequently, in the three-phase three-wire system, if the negative-sequence components of the
load currents are located in the ARST, shown in Figure 4, meaning the value of equivalent
capacitances calculated by Equation (9) are positive, the D-CAP can completely compensate the
reactive power and suppress the load imbalance. Otherwise, the D-CAP can only compensate the
positive-sequence reactive components and a part of the negative-sequence components of the load
currents lying in the scope of ARST.

¢O¢A il.c+
%‘@; 4/
ure ;
" & Zone 1
Theoretical Actual .
% compensation %] Coxl‘n.pensatlon
% ability R s ability
Uty
Dividing
. ._Fz/.l'z[ l_'hnel
179,20 o,
Az'§ q/,\ ia
NS
'OIRS

Figure 4. Theoretical and actual compensation ability of the D-CAP for negative-sequence currents.

Additionally, the circle with radius i,,/4 in Figure 4 refers to the actual compensation ability of
the D-CAP, which will be illustrated in Section 3.2.

3.2. Actual Compensation Ability of a Star-Connected D-CAP

Deviation of potential at the neutral point will occur when the star-connected D-CAP suppresses
the load imbalance, which will make one of the voltages between the grid side and the D-CAP neutral
point higher. In practice, the rated voltage of each phase D-CAP is generally 1.1-1.3 times higher than
the grid voltage in order to maintain a safety margin, so the actual compensation ability of the D-
CAP under an unbalanced load will be limited by the rated voltage.

Shown in Figure 5, the coordinate expressions of three phase grid voltages are:

UTa = (Um 4 0)
UTb = (_Um /2’ _\/gUm /2) (10)

U, =(-U, /123U, /2)

In order to compensate reactive power and negative-sequence currents, the coordinate
expressions of [ica icv icc] can be described as:
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I, =(-I;, cos6 .1}

Lm

I, =[-1I;, cos(120° —=87),—I; sin(120° =) +[3(I, sin6")/2,~I} sin6" /2] (11)

Lm

I, =[-1I;, cos(120" +67),1;, sin(120° +67)]+ [—V3(I! sing")/ 2,-1; sin@" /2]

Lm

sin@ ) +(0,1; sin@")

Lm

u
N Ta

; x
UgN1

ich

Figure 5. Voltage and current phasor of the star-connected D-CAP with the deviation of the potential
at the neutral point for load imbalance suppression.

If the coordinate of the D-CAP neutral point potential is (x, y), then:

[(U,,0)-xy] L1,
[(-U, /2,-\3U, 12)-(x,y)] L I, (12)
[(~U, /2,BU, 12)=(x,y)] L 1,

According to the mathematical condition that two phasors are mutually orthogonal, it can be
solved:

x=U [l-ksin@ —2(sin@ )1/ (1-k*)
y=U,cos@ (-2sin6 +k)/(1-k*) (13)
k21 sin@"/1I;

Lm

Therefore, if the D-CAP can absolutely compensate the reactive power and negative-sequence
currents of the load, the neutral point potential of the D-CAP will be affected by the phase angle 0 -
and the reactive/imbalance index k, where k is the ratio of the positive-sequence reactive components’
amplitude I,,,sin6* to the negative-sequence components amplitude I,

With the coordinate of ur and N1, the amplitudes of [uan1 uen1 ueni] can be calculated. Here, drift
factor d is introduced and defined as max(uant usn1 uent)/ut.. Figure 6 presents the relationship between
drift factor d and reactive/imbalance index k, 0-. Because the rated voltage of the D-CAP is generally
1.1-1.3 times as high as the grid voltage, the ratio of positive-sequence reactive components
amplitude to negative-sequence components amplitude of the D-CAP compensation currents is
limited. In Figure 6b, we can find if reactive/imbalance index k is greater than 4, the effect of 6- to
drift factor d is small. To simplify analysis and make the voltages at both ends of the D-CAP not
exceed the rated voltage, 6~ is assumed to be kept at a value producing the maximal potential
deviation at the neutral point. Therefore, for D-CAP currents, the positive-sequence reactive
components’ amplitude should be greater than four times the negative-sequence components
amplitude to ensure the voltages at both ends of the D-CAP do not exceed its rated voltage.
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Figure 6. Relationship between drift factor d and reactive/imbalance index k, 0-: (a) Three-dimensional
graphics of d(k, 60-) = max (uan1 usn1 uen1)/uts; and (b) projection of the curved surface on the k-d plane.

As shown in Figure 6b, Point A is the intersection of the rated voltage limit line (d = 1.3) and the

compensation ability limit line (k = 4). Area 1 is below the rated voltage limit line (d = 1.3) and on the
right of the compensation ability limit line (k =4). Here, area 1 is equivalent to the circle whose radius
is 7,,/4 in Figure 4. If the negative-sequence components of the load currents are in the scope of the
circle, that means 6- and the reactive/imbalance index k are in area 1, and D-CAP can compensate the
reactive power and suppress the load imbalance without exceeding the rated voltage limit.

4. Proposed Control Strategy of the D-CAP to Compensate the Reactive Power and Suppress
Load Imbalance

For the three-phase star-connected Buck-type D-CAP, the proposed control strategy to

compensate the reactive power and suppress load imbalance is shown in Figure 7.

A &
Ur, Inductive
B 4 unbalanced
Urp T load
C o
Ure (r > iCa(l}_> ich %_’l'cc
YYY ———r——r—— o _______ Vit i e
[PLL] |D-CAP||D-CAP|| D-CAP | f . |
I A=Re () . —
X X X e Gy licl 1
—>| RDFT,; B=Im(l ) (AZ'I'E) > |
wt | ———— Ia)t W V -t
! | A A
LPF
. i i
Determine .
amplitude of | '
D-CAP A .
command | @, =¥
current with | /
nn Equation (18) i

NV carrier

Figure 7. Proposed control strategy of a star-connected D-CAP compensating the reactive power and

suppressing the load imbalance.
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Firstly, we transform the load currents [iLs it izc] with Equation (14) and (15), respectively. Then
passing through a low-pass filter, the positive-sequence active and reactive components [i;, 7], and
negative-sequence active and reactive components [i,, i,,] are obtained:

I}, sin(wt— @) I N
I;, sin(ar— " —120°) | = [ A ] (14)
I}, sin(@t—@" +120°) | N e

+

[m J iy 3[sin ot sin(@t—120°)  sin(er +120°)J

i, cosmt cos(wt—120") cos(wt+120%)

I, sin(@r— g~ +120°) |=

] I, sin(wt—¢~) [
I, sin(wt—¢ —120°)

-1, cos (p'J (15)

i cos(wt)  cos(wt+120°)  cos(awt—120%) -1, sing

Lq

(m]: , /3(—sin(a)t) sin(@r+120°)  —sin(ewt —120°)

Since the actual compensation ability of the D-CAP for negative-sequence currents is limited by
its rated voltage, it is necessary to add an amplitude limit on the negative-sequence currents. The
processing method of the negative sequence currents is derived as follows:

) {iw, if k) + G, ) <it,

16
inir, TG + Gy, if k(i) + (i) > (10)

o s if k(i) + (i, ) <iy,
Iy = 17
iy () + G, . i k(i) + Gy )i, )

If the D-CAP can compensate the reactive power and negative-sequence currents to the utmost,
the amplitudes of [ic: icv icc] are uniquely determined. Command current amplitudes of the D-CAP
can be obtained with i, i, and i,, as follows:

i =) + (i +iy,)
icy| = (s, /2By, 122+ (i 12—, 1244, ) (18)
=G, 1243, 127 + (Wi, 12—, 1 2407, )

*
lCc

We compare the command currents amplitudes calculated by Equation (18) with the actual
current amplitudes of [ic. icv icc], which can be extracted and calculated with the RDFT method [29].
Then we regulate the error through a PI controller to control the duty ratio of the D-CAP. Finally, the
switches of the Buck-type AC-AC converter are driven through the modulated output signal. By
adjusting the duty ratio, the positive-sequence reactive power and negative-sequence currents of the
load can be effectively compensated.

5. Experiment Verification

In order to verify the effectiveness of the control strategy, experimental tests with a 33kVar/220V
three-phase Buck-type D-CAP are carried out. Figure 1b shows the system configuration. The D-CAP
parameters are given in Table 1, which can be determined by the methods in [30]. The experimental
prototype is shown in Figure 8. In the front view of Figure 8a, the three-phase main circuits of the
prototype are divided into three layers, where the A-phase, B-phase, and C-phase circuits are
arranged from the top to the bottom layers, respectively. The A-phase circuit is shown in the top view
of Figure 8b.
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Table 1. Parameters of the D-CAP.

Grid Grid Filtering Filtering Buffer Power Switching
voltage Frequency Inductance  Capacitor Inductance  Capacitor = Frequency
ur fr Lr Cr Lz C fo
220V 50 Hz 160 puH 80 uF 180 uH 660 puF 9.6 kHz

Experiments are implemented with three different cases in which the load is star-connected with
the resistor and inductor in series, as shown as Table 2. Case 1 is implemented under a balanced load,
which only needs reactive power compensation. Case 2 is used to verify the feasibility of the D-CAP
to compensate the negative-sequence currents, so an unbalanced load is adopted, which corresponds
to a reactive/imbalance index k > 4. To verify the compensation ability of the D-CAP, Case 3 is
operated under a heavily unbalanced load, whose negative-sequence currents are beyond the
compensation ability of the D-CAP, which corresponds to a reactive/imbalance index k < 4. Only the
inductive part of the load is unbalanced in this experiment; it is also effective for the proposed control
strategy if the resistive part is unbalanced even if both of the resistive and inductive parts are
unbalanced.

Filtering ‘
inductance Lr |

Buffer board ‘
B e

(b)
Figure 8. Three-phase Buck-type D-CAP prototype: (a) front view; and (b) top view.

Table 2. Parameters of the load.

Load (Case 1) Inductive (Case 2) Slightly (Case 3) Heavily
Type Balanced Load Unbalanced Load Unbalanced Load
Phase A 6 Q/21.64 mH 6 Q/21.64 mH 6 Q/21.64 mH
Phase B 6 Q/21.64 mH 6 Q/11.64 mH 6Q
Phase C 6 Q/21.64 mH 6 Q/21.64 mH 6 Q/21.64 mH

5.1. Case 1: D-CAP for Inductive Balanced Load

Only reactive power is needed if the load is inductive and balanced. Shown in Figure 9a,b,
currents at the load side can be considered balanced with values 23.0 A, 23.2 A, and 22.3 A,
respectively and lag behind grid voltages. Figure 9c shows the three-phase power factors are 0.74,
0.74, and 0.76. In this case, the reactive/imbalance index k is toward positive infinity, represented as
Point 1 in Figure 6b. When the D-CAP is used to compensate the reactive power with the proposed
control strategy, shown in Figure 7, the phase angle of the currents and voltages at the grid side
become the same (Figure 9d,e) and the three-phase power factors are regulated to 1 (Figure 9f). In
Figure 9h, the D-CAP currents’ lead voltages by 86°, but not 90°, because of active power loss when
the D-CAP operates. The three-phase duty ratios of the D-CAP are 0.51, 0.47, and 0.47, respectively.
Therefore, the reactive power compensation can be achieved under the effects of the D-CAP if the
load is balanced and inductive.
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Figure 9. D-CAP for inductive balanced load: (a) A-phase voltage and current at the load side; (b)
voltage and current phasor at the load side; (c) power and energy at the load side; (d) A-phase voltage
and current at the grid side after compensation; (e) voltage and current phasor at the grid side after
compensation; (f) power and energy at the grid side after compensation; (g) D-CAP currents; (h)
voltage and current phasor at the D-CAP side; (i) grid voltages; (j) A-phase duty ratio; (k) B-phase
duty ratio; and (I) C-phase duty ratio.

5.2. Case 2: D-CAP for Slightly Unbalanced Inductive Load

Comprehensive control of reactive power compensation and imbalance suppression are
implemented under a slightly unbalanced load in this case. Calculated by Equation (13), the
reactive/imbalance index k is equal to 5.4, which corresponds to Point 2 in Figure 6b. Shown in Figure
10, currents at the grid side are unbalanced (Figure 10a) and lag behind grid voltages (Figure 10b)
when the D-CAP is not put into operation with power factors 0.81, 0.85, and 0.72, respectively (Figure
10c). Currents at the grid side become balanced (Figure 10d,e) and the three-phase power factors are
regulated to 1 (Figure 10f) after the D-CAP is put into operation. The three-phase equivalent
capacitances can be regulated properly under different duty ratios, whose values are, respectively,
0.38, 0.47, and 0.62. In the Figure 10g/h, the output currents of the D-CAP are unbalanced due to
different equivalent capacitances. Since the negative-sequence components’ amplitude is smaller
than one quarter of the positive-sequence reactive components” amplitude in this case, which is not
constrained by the negative-sequence components’ amplitude limit shown in Equations (16) and (17),
the greatest voltage at both ends of the three-phase D-CAP is 262.7 V in Figure 10i.
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Figure 10. D-CAP for slightly unbalanced inductive load: (a) currents at the load side; (b) voltage and
current phasor at the load side; (c) power and energy at the load side; (d) currents at the grid side
after compensation; (e) voltage and current phasor at the grid side after compensation; (f) power and
energy at the grid side after compensation; (g) currents at the D-CAP side; (h) voltage and current
phasor at the D-CAP side after compensation; (i) voltages [uan1 usn1 uent) after compensation; (j) A-
phase duty ratio (k) B-phase duty ratio; and (1) C-phase duty ratio.

5.3. Case 3: D-CAP for Heavily Unbalanced Inductive Load

This case is implemented under a heavily unbalanced load. Calculated by Equation (13), the
reactive/imbalance index k is equal to 1.7, which corresponds to Point 3 in Figure 6b. Shown in Figure
11, currents at the load side are unbalanced (Figure 11a) and lag behind grid voltages (Figure 11b)
with power factors 0.89, 0.95, and 0.76, respectively (Figure 11c). After the D-CAP is put into
operation, the positive-sequence reactive power and a part of the negative-sequence currents are
compensated. We can find that the amplitude of the three-phase currents at the grid side become
more balanced (Figure 11d) and the phase angle difference between grid voltages and currents
become smaller (Figure 11e). Power factors are regulated to 0.99, 0.99, and 1, respectively (Figure 11f).
In Figure 11i, the greatest voltage at both ends of the three phase D-CAP is 274.8 V, which is
constrained in the range of the rated voltage by the negative-sequence components’ amplitude limit
shown in Equations (16) and (17). Comparing with Case 2, we can find if the ratio of the negative-
sequence components’ amplitude to the positive-sequence reactive components’ amplitude of the
load currents is smaller than 0.25, then the D-CAP can compensate its positive-sequence reactive
components and negative-sequence components. If not, the D-CAP can only compensate the positive-
sequence reactive power and a part of the negative-sequence currents due to the limit of its
compensation ability.
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Figure 11. The D-CAP for heavily unbalanced load: (a) Currents at the load side; (b) voltage and
current phasor at the load side; (c) power and energy at the load side; (d) currents at the grid side
after compensation; (e) voltage and current phasor at the grid side after compensation; (f) power and
energy at the grid side after compensation; (g) currents at the D-CAP side; (h) voltage and current
phasor at the D-CAP side after compensation; (i) voltages [uan1 usn1 ueni] after compensation; (j) A-
phase duty ratio; (k) B-phase duty ratio; and (I) C-phase duty ratio.

5.4. Summarization and Comparison of Three-Phase Power Factors and the Unbalanced Degree

A summary of the experimental results of the above three cases are shown in Table 3.

Table 3. Three-phase power factors and the unbalanced degree of grid currents under three types of

the load.
Load Type Inductive Balanced Slightly Unbalanced Heavily Unbalanced
Load (Case 1) Load (Case 2) Load (Case 3)

Phase A power factor at the grid side

before/after compensation 0.74/1 0.81/1 0.89/0.99
Phase B power factor at the grid side

before/after compensation 0.74/1 0.85/1 0.95/0.99
Phase C power factor at the grid side

before/after compensation 0.76/1 0.72/1 0.76/1
Unbalanced degree of currents at the

0.023/0.039 0.098/0.029 0.279/0.126

grid side before/after compensation

In Case 1, it can be found that three-phase power factors are corrected to 1 with the inductive
balanced load. The parameters of the load are not exactly the same, so the unbalanced degree of the
load current is 2.3%. Additionally, there are some active power loss and sampling errors when the D-
CAP operates, so there is still a slight imbalance on the grid currents after compensation. Although
the unbalanced degree increases from 2.3% to 3.9%, we can think the grid currents are balanced and
reactive power compensation is achieved under the inductive balanced load. In Case 2, the load is
slightly unbalanced with reactive/imbalance index k =5.4, the three-phase power factors are corrected
from 0.81, 0.85, and 0.72 to 1, and the unbalanced degree drops from 9.8% to 2.9%. Reactive power
compensation and imbalance suppression are realized. In Case 3, the load is heavily unbalanced with
reactive/imbalance index k = 1.7, and negative-sequence currents cannot be compensated completely
due to the amplitude limit of i, and i,,. Only positive-sequence reactive components and a part of
the negative-sequence components of the load currents are compensated, so the unbalanced degree
decreases from 27.9% to 12.6%, power factors increase from 0.89, 0.95, and 0.76 to 0.99, 0.99, and 1.

6. Conclusions

In this paper, reactive power compensation and imbalance suppression by a 33 kVar/220 V star-
connected Buck-type D-CAP in a three-phase three-wire system are studied. An improved control
strategy is proposed, which can make full use of the rated voltage margin of the D-CAP to
compensate the negative-sequence currents of the load. The following conclusions are obtained
through theoretical analysis and experimental verification:

(1) In the three-phase three-wire system, if three-phase power factors at the grid side are equal
to 1 under the effects of the D-CAP, then the D-CAP can suppress load imbalance.
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(2) If the negative-sequence currents of the load are located in the ARST shown in Figure 4, the
D-CAP can theoretically completely compensate the reactive power and suppress load imbalance.
However, the actual compensation ability is limited by its rated voltage.

(3) If the load is inductive balanced, only reactive power compensation is needed. Under the
effect of the D-CAP, three-phase power factors can be corrected to 1.

(4) If the load is slightly unbalanced, whose negative-sequence currents’ amplitude is less than
1/4 of the positive-sequence reactive currents’ amplitude, the D-CAP can compensate the reactive
power and suppress load imbalance.

(5) If the load is heavily unbalanced, whose negative-sequence currents’ amplitude is greater
than 1/4 of the positive-sequence reactive currents’ amplitude, the D-CAP can only compensate the
positive-sequence reactive power and a part of the negative-sequence currents due to the rated
voltage limit.
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