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Abstract—This part mainly focuses on the implementation and
verification of the reactive power compensation and negative-
sequence current suppression system with YNvd-connected bal-
ance transformer, by means of simulation and experiment. The
system model is presented, and a current control method, which
explores the dissipation characteristic of the proposed system
under two-phase rotating frame, is analyzed. Then, a stability
analysis of this control is made, considering the deviations of
system parameters and the time delay caused by the low-pass filter.
Besides, dc-link overall control and balance control are investi-
gated, and the self-balance ability of multiple dc links is briefly
discussed. Both the simulation and experimental results verify the
effectiveness of the proposed system topology, compensation strat-
egy, and control method.

Index Terms—Balance transformer, converter, dissipation-
characteristic-based control, electrical railway power system
(ERPS), power quality.

I. INTRODUCTION

OR cost-efficiency consideration, the single-phase sup-
ply systems with industrial frequency 50 Hz (or 60 Hz)
are widely adopted in the electrical railway power sys-
tems (ERPS) worldwide [1]. However, the locomotives cause
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considerable negative-sequence current (NSC) on the three-
phase high-voltage grid due to its unbalanced distribution on
feeders, which brings negative influence on the sensitive power
consumers and generators [2], [3]. Besides, the conventional
phase-controlled trains draw a significant amount of reactive
power from and also inject plenty of low-order harmonic cur-
rents into the utility, which leads to undesired energy consump-
tions and setup damages [4]. On the other hand, as the wide
applications of the pulse width modulation technique-based new
generation trains, less reactive power and low-order harmonics
are obtained in some ERPS sections [5], but the unbalance issue
may be deteriorated for its higher power level than the conven-
tional one, so do the high-order harmonics resonances [6], [7].
Much attention has been paid to the above ERPS power quality
problems these years [8].

For some projects with restricted investment, the passive
methods, e.g., the LC-branches, which are adopted to deal with
the harmonic or reactive power related problems, are attractive
to engineers [9]. Considering the fixed compensating character-
istic and resonance risk, the value of the L and C' components
should be designed carefully [10], [11].

Compared to the above discussed passive methods, active
solutions are superior in working performance and installation
area [12], [13]. Active power filters (APF) have a good harmonic
suppressing ability but a relatively high switching frequency is
required to obtain a satisfactory working bandwidth [14], which
becomes an obstacle for its application in medium-voltage (MV)
systems in some extent. Benefits from the multilevel technol-
ogy, static synchronous compensators (STATCOM) [15], [16],
and unified power quality conditioners (UPQC) [17]-[19] are
widely used in MV systems to deal with the power quality or
stability-related problems. Many control methods [20], which
mainly involve the instantaneous power theory and synchronous
rotating reference frame, can integrate with those active systems.
However, for ERPS, those apparatus always cannot be directly
applied [21]. A system called active power quality compen-
sator (APQC), with a three-phase converter integrating into the
two-phase feeders via a Scott transformer, was proposed in [22].

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Topology of the proposed system.

The added auxiliary Scott transformer greatly increases the cost
and installing space of the whole system. Besides, the adopted
hysteretic control method also has some inherent disadvantages
in MV-level applications [14]. A three-phase voltage-source
converter utilizing direct power control scheme for harmonic
and unbalance compensation in ERPS was proposed in [23].
Similar to APQC, this converter requires a high-power insola-
tion transformer as an interface of the primary high-voltage grid.
In [24] and [25], by employing the specifically designed taps on
the multipurpose balance transformer, a three-phase converter
can be directly integrated (or via some specifically designed LC-
branches) into the main transformer’s secondary windings for
a satisfactory power quality improvement in ERPS. While se-
lecting the optimal gains K, of the proposed linear quadratic
regulator with integral action may become a challenge for the
controller designing engineers [24]. Evolved from UPQC or
STATCOM, two back-to-back-connected single-phase convert-
ers, i.e., the well-known railway static power conditioner (RPC)
[26], [27], can be applied for power balance, reactive compen-
sation, and harmonic elimination in ERPS, and some control
methods aiming to reduce RPC’s designing capacity was also
proposed in [28] to further improve its cost efficiency. However,
two single-phase multiwinding step-down transformers are in-
dispensable.

In this paper, a novel system constructed with multiplex back-
to-back converters (MBTBC) is proposed. It can be seen from
Fig. 1 that the loads (i.e., trains) on phase « and 3 are fed
by the terminals d-e and a-b of the YNvd-connected balance
transformer. By taking the advantage of the natural asymmetry
between the “v” and “A” windings, MBTBC can connect with
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d-e via a single-phase multiwinding step-down transformer with
the parallel constructed units in the one side; on the other side,
a multilevel topology is adopted for the connection of taps m
and n. So, different from conventional RPC scheme, only one
insolation transformer is required in the proposed system. The
improvement on topology together with the ingenious designed
partial compensation strategy presented in the first part of this
topic makes the system compact, modular, and flexible though
the design of the main transformer of the proposed system is a
little more difficult than the Vv traction transformer [2] (but eas-
ier than the commonly used impedance-matching transformer
[24]). Since the detailed topology introduction, compensation
principle, and new partial compensation strategy are presented
in the first part of this paper, so the implementation and veri-
fication of the proposed system are the main tasks of this part.
For implementation, the dissipation characteristic of a general
circuit-based control method [29], which has been reported in
STATCOM [30], hybrid APF [31], and ERPS [32], [33], is
applied to control MBTBC. Different from those three-phase
applications of the method, it is analyzed for single-phase ap-
plication and the related stability problems are also discussed
in detail in this paper. This paper is organized as follows. In
Section II, the system model is briefly introduced. The current
control scheme, related stability problems, and dc-link voltage
control mechanism are discussed in Section III. In Section IV,
the simulation and experimental results are fully demonstrated.
Finally, a conclusion is drawn in Section V.

II. SYSTEM MODELING

Fig. 2 shows the related equivalent circuits (the linkage
impedances of transformer are considered in link branches) of
the proposed system shown in Fig. 1 (note: in Fig. 2, v,; +
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Va2 + - Van = TVa, Umn = TU3, and z = I/Vmc/VVaJI)-
For discussing convenience, only the fundamental component
of converter’s output voltage is used in the following discussion.

The equivalent circuit of the n-level parallel-connected
converter of MBTBC can be degenerated from the left
one in Fig. 2(a) to the right one, which is the same
with the circuit of the phase-S converter shown in
Fig.2(b),ifitholds: Ly = nL; = ... = nlL,, Ry = nR) =

. = nRy, UaT = 2V, and inT = igc /.

LetLy = Lg = Land Ry = Rg = R, one can obtain

Vor + Ldiar | dt + Rigr = v (D
Umn + Ldiﬂ(’,/dt + Riﬂc = Vpc (2)
where Vae = Vacl T Vac2 + .. Vacn and Upc = UBecl +

V3c2 + .+ .. Ugen-

Though, i,7 and ig. are interacted each other due to the
active power exchange of both sides’ converters, the control
implementation of 7, and ¢4, can be carried out independently
considering the energy-buffering effect of the de-link capacitors.

III. CONTROL ALGORITHM
A. Current Control

Considering that the active and reactive components of the
reference currents can be calculated by the new partial compen-
sation strategy proposed in the first part of this paper, here, the
currents and voltages in (1) are expressed as

Va1 = Var cos(wt) = V1, cos(wt)

tar = IoTp cos(wt) + Loy sin(wt) 3)

Vae = Vaep cos(wt) + Vg sin(wt)
where o1y, Vaep and Iytq, Vaeq are the amplitudes of the
active and reactive components of the corresponding current
and voltage, respectively; cos(wt) and sin(wt), which rely on
phase-locked loop (PLL) is used in Fig. 6, represent the active
and reactive directions of the phase-« converter.

Inserting (3) into (1), the parts on active and reactive direc-
tions satisfy

{LdIan/dt + LWI(qu + RI&Tp = Va(:p — VaTp @)

Ldl,7p,/dt — Lwlyry + Rlyrq = Vaeg

For discussion convenience, (4) is rewritten as

Dpx +Jx + Rx =vae — Var 5

L L R Tat)
where D = [ b I=100 % L R=1g g]’xz[lﬂ:]q]’
Vae = [g o |y Var = [V“OT" ], and p is the differential operator.

On the other hand, if the control variables track their refer-
ences without steady-state error, (5) can also be written as

Dpx* + Jx* + Rx* = V(y(;* — VarT (6)

Tary” * _ Vaep” :
’.] and v,." =[] are corresponding

where x* = [}
aTq acq

references.
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In order to evaluate the currents’ tracking performance, an
energy function E (note: E > 0) is defined as

E = 0~5L((Ian - Ian*)z + (IaTq - IaTq*)Q)
= 0.5%'Dx (7

IOTp*Ian*]
Torq—Iarg™ 1" )
It can be observed from (7) that good tracking performance

of x will lead to small E. That is to say, the tracking speed can
be evaluated by the change rate of F, i.e., pE. According to the
Lyapunov theorem, if

pE < —1E <0, 7>0 3)

where X = x — x* = |

FE will exponentially converge to zero, which means a good cur-
rent tracking performance is obtained. Besides, the convergence
speed is determined by .

Considering (7), pE can be derived as

pE = %' Dpx. )

Subtracting (6) from (5), one can obtain that

Dpx + Jx + Rx =V, (10)
where Vo, = Vae = Vae' = [[77 7).
Inserting (10) into (9), pE can be calculated as
pE = —%"Rx +%'¥,.. (11)
If v, in (11) equals to O, i.e.,
Vae = Voo, = Dpx* + Jx* + RX* + vor (12)
(8) can be definitely satisfied, i.e.,
pE < —-(2R/L)E =—7E < 0. (13)

So, it can be concluded that (7) can converge to zero due
to the natural dissipative characteristic of the proposed system
itself. The convergence speed, however, is relatively slow due
to the uncontrolled and small 7 (see (13)).

Note if the currents have tracked its references in steady state,

(6) is satisfied. Simultaneously, one can also have
x=0.

(14)

Multiplying a coefficient matrix B in both sides of (14)
leads to

Bx=0 (15)
where B = [ﬁ g].
Combining (15) and (6), a new equation can be obtained as
Dpx" +Jx"+ Rx* —Bx =v,." — vor. (16)

Similar to the derivation of (12) and (13), one can obtain (17)
and (18) as follows:

Vae = Voo = Dpx* +Jx* + Rx* —Bx + v,y (17)
pE < —[(2R+ B)/L]E. (18)

Comparing (13) and (18), 7 changes from 2R/L to (2R +
B)/L. By tuning B, a satisfied converge speed can be obtained.
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Besides, (17) also indicates that B is a virtual resistor (i.e., the
unit of B is ohm (€2)), which is connected in series with the link
branch to enhance the system’s dissipation performance.

Finally, v, in (17) should be transformed into the instanta-
neous quantity v, for modulation, i.e.,

Vae = [ cos(wt) sin(wt) | vae. (19)

B. Stability Analysis of Current Control

Note that the derivation of the current controller is under the
assumption that system’s parameters have no deviations and x
can be obtained without delay. However, the two conditions
cannot be always satisfied in real applications.

1) Deviations of System Parameters: Considering the pa-
rameter disturbance, (16) can be rewritten as

(D + AD)px* + (J+ AJ)x" + (R + AR)x" — Bx

= Vozc* - (VaT + AVozT) (20)

AL AL AR
where AD = [ AOL], AJ = [7A0Lw oL AR =[5 AOR],
Aver = [25‘;’; l,and AL, AR, AV,1},, AV,1, are the devi-
ations of L, R, and the active and reactive components of V,,,

respectively.
Subtracting (20) from (5), one can obtain

Dpx+Jx+ (R+ B)x

= Vae + Aver + ADpx* + AJx* + ARX. 21)
Combining (9) and (21), and assuming v,. = 0 leads to
pE = %' (R+ B)x
+x"Av,r + % (ADp + AT + AR)X*. (22)
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Considering the term X Av, 7 in (22) is much smaller than
other terms, (22) can be degenerated into

pE = —%x" (R +B)x + X' (ADp + AJ + AR)x". (23)

Let B=509Q,L =10mH, R = 19, pE is definitely
negative when X /x* € [—100%, 100%]. It can be seen from
Fig. 3 that the larger the X /x* is, the stronger the dissipation
effect can be obtained, which is expected in the design of the
current controller.

2) Delay in the Acquisition of x: Fig. 4 depicts a basic x
acquisition method, in which two low-pass filters (LPF) are
involved. The transfer function of a typical second-order LPF is

Wy 2

G(s)= 55—
(5) 82 + sén

(24)

+ wy,?

where wy, is the characteristic angular frequency; @ is the
equivalent quality factor, ) = 0.707. If w,, is set low enough,
the influence of second-order ripple can be eliminated, and
only the dc component is remained (see Fig. 4).
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Fig. 7. Self-balance principle. (a) Self-balance topology. (b) Equivalent cir-
cuit. (c) Fundamental phasor relationships.
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In frequency domain, a signal x(s) inputs the LPF, the output
signal x'(s) can be obtained as

w2
x )
5(s% + V2swp + wy?)

The corresponding time-domain expression of (25) can also
be expressed as

X'(t) =2 X(s)] = x (1 +v2e F sin <_ ot 77/4»
(26

x'(s) =x(s)G(s) = (25)

V2

where . ! is the reverse Laplace transformation operator.
Taking the delay of LPF into account, (16) can be rewritten as

Dpx* +Jx* + Rx" —B(xX —x") = v, —vr. (27)

Similar to the analysis process aforementioned, pF can be
recalculated as

pE = —%"(R+B)% + %' Bxv2e &

X sin <C:;§t — 77/4) .

LetL = 10mH,R =1Q, B = 50Q,andx = —10%x*,
the profile of pE is shown in Fig. 5. Obviously, an unstable region
is occurred (pE > 0). Hence, instead of the dc components
in (17), the implementation of the B related terms should be
carried out under alternating-current (ac) quantities [see the “ac
quantities” block in Fig. 6].

The designing method of the converter in phase 3 is the same
as aforementioned.

(28)

C. Overall DC-Link Voltage Control

As analyzed in the first part of this paper, the reference
currents include unbalanced active power components (Pyp),
balanced reactive power components (Q)p ), and unbalanced re-
active power components (Qug), which are responsible for
delivering active power from one side of MBTBC to another
side, compensating inductive reactive power for both sides, and
compensating inductive reactive power for one side and com-
pensating capacitive reactive power for another side, respec-
tively. In order to make the whole dc-link voltage stable, a
small amount of energy is delivered from the source sides to
the dc link to compensate the losses of MBTBC by superposing
an active power component (Pp) (i.e., I4., the output of the
proportional-integral (PI) regulator for dc-link overall voltage
control in Fig. 6) on Pyp (I;Tp and If;cp in Fig. 6).

D. Unit DC-Link Voltage Balance Control

To balance the unit dc-link voltages in this paper, the en-
ergy transmission between the source side and all units dc
links should be controlled. Since the parallel-connected topol-
ogy on phase « allows independent units currents control
(acts - - -5 Tacn 1n Fig. 1), so a balance control is implemented
on the phase-a side (see Fig. 6).

On the other hand, though the aforementioned unit dc-link
voltage balance control is adopted, it is worth to note that the
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TABLE I
SIMULATION PARAMETERS

Items Parameters Value
Three-phase grid Nominal line voltage 110 kV
Short capacity 500 MVA
YNvd-connected Nominal feeder voltage 27.5kV
balance transformer
Nominal tapped winding 10.5kV
voltage
Nominal capacity 20 MVA
Multiwinding Number of secondary 8
step-down windings
transformer
Nominal secondary 13125V
voltage
Nominal Capacity 10 MVA
Inductance Lo1 —Lgas 1.25 mH
Lg 10 mH
Capacitance Cy —Cy 10 mF
Controller gain B 50Q
PI regulator for Proportional gain 0.1
DC-link overall
voltage control
Integral gain 3
PI regulator for Proportional gain 10
DC-link voltage
balance control
Integral gain 200
Modulator Carrier frequency 500 Hz
DC-link voltage Overall reference 20000 V
Individual reference 2500 V
Load in phase « Nominal power SMW + 1 MVar

Load in phase 3 Nominal power 10MW + 8 MVar

proposed converter topology has unit dc-link voltage self-
balance capability if the overall voltage is satisfactorily con-
trolled. The principle is shown in Fig. 7, in which v,k and
Vacke are two arbitrary unit output voltages on phase-a side
with the assumption V1 > V,cko. Based on the equivalent
circuit (see Fig. 7(b)) and phasor relationships (see Fig. 7(c)),
a small amount of active power will be delivered automatically
from v,k terminal to v,cko terminal, as shown in Fig. 7(a),
which is good for unit dc-link voltage unbalance suppression.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

Based on the above discussed implementation process
on system modeling and controlling, the proposed system
topology, compensation principle, and partial compensation
strategy (see Appendix A for the defined partial compensation
goals) in the first part of this paper can be verified by simulati-
on and experiment.

A. Simulation Verification

Referring to Fig. 1, we built a simulation model by the MAT-
LAB software. The parameters are listed in Table I.

When the simulation starts, compensation is not enabled
first. The currents are unbalanced and PFy ~ 0.8 (see Fig.
8(a) and (b)). When the proposed partial compensation is acti-
vated at 0.1 s, PF; improves to about 0.9 and I,,,, decreases
to about 0.1, respectively. Note that the PF; in this paper is a
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TABLE II
SIMULATION RESULTS STATISTICS OF THE STEADY STATES

Items Partial Full
Before compensation Iyny, (%) 49 49
PF¢ 0.8 0.8
S, (MVA) 0 0
Sy (MVA) 0 0
After compensation Iyny, (%) 9.5 0.35
PF¢ 0.902 0.99
S. (MVA) 34 3.78
Sy (MVA) 65 1016
After loads change Iyny, (%) 8.5 1.03
PF; 0.915 0.99
S. (MVA) 5.0 6.85
Sp (MVA) 8.2 11.22

comprehensive index for reactive power on the primary side,
not for the individual phases, so the power factor of each phase
on the primary side (PF¢s, PFig, and PFyc in Fig. 8(b)) is dif-
ferent from PFy. The units’ dc-link voltages are set near to the
reference value and slightly different at the beginning, as shown
in Fig. 8(c). The dc-link overall voltage is held due to the overall
voltage control, and the balance condition of the units” dc-link
voltages is improved because of the self-balance capability, but
the differences of the units’ dc-link voltages are not eliminated
until the balance control is activated at 0.4 s. When the load
on phase « is cut down at 0.6 s, a transient process from one
steady state to another occurs, and almost no oscillation appears
on the primary currents and dc-link voltages. The dynamical
performance is satisfactory.

As a comparison, the primary three-phase currents under full
compensation condition (see Fig. 8(d)) are also presented. How-
ever, the required power ratings are much higher than that of
partial compensation mode (see Fig. 8(e)). Specifications are
listed in Table II (note, all the data are recorded on the condition
that the grid three-phase voltage sources are set 10% higher than
the nominal voltage listed in Table I).

B. Experimental Verification

To further verify the correctness of the proposed system, two
experimental setups rated at 2 kVA have been built up in the lab-
oratory. Fig. 9 is the experimental wiring diagrams and Table III
gives the specifications of experimental systems’ parameters.
One point should be noticed here is that the coupling trans-
former, which is expected to act as an isolation and voltage-
matching stage for phase-a side converter, is replaced 1) by an
autotransformer on single BTBC occasion (see Fig. 9(a)), and
2) by a combination of a autotransformer and a normal single-
phase three-winding transformer on dual BTBCs (BTBC; and
BTBC5) occasion (see Fig. 9(b)).

Fig. 10 demonstrates the experimental results of the single
BTBC occasion in Fig. 9(a). From Fig. 10(a), (b), (e), and (f),
we can know that the transient processes during the start on and
loads change stages are satisfactory and the steady states on dif-
ferent load conditions are excellent. For the dc-link voltage, no
overshoot and oscillation appear at transient situation, especially
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Fig. 9. Experimental wiring diagrams. (a) Single BTBC occasion. (b) Dual
BTBCs occasion.

when loads change (see Fig. 10(c), (d), (g), and (h)). The energy
needed for raising the dc-link voltage from the precharge to the
reference value, when the compensation is enabled, is consid-
ered to be responsible for the slight overshoot of the primary
currents (see Fig. 10(a) and (e)). Besides, the rippled dc-link
voltage of full-compensation mode is slightly larger than that
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TABLE III

EXPERIMENTAL SYSTEMS’ PARAMETERS

Items Parameters Value
YNvd-connected Primary line voltage 410V
balance transformer
Capacity 2 kVA
K (transformer ratio) 5771220
Current sensor Transformation ratio 100 A/50 mA
Load in phase « Resistor 250 /9.2kW
Load in phase 3 Resistor-reactor (7 +6.28j)Q/20A
Inductance L, 3 mH/20 A
Lat, Las 1 mH/20 A
Ly 5 mH/20 A
Capacitance C 4.5 mF/700 V
Cy, Cy 3 mF/700 V
Intelligent power Nominal rating 50 A/1200 V
module
(PM50RLA120)
Controller Digital chip TMS320F28335
Sample frequency 10 kHz
500
DC-link Reference 110 V (overall)
55 V (individual)
Precharge 83 V (for C)
53V (for C'y)
43V (for Cy)
PI regulator for Proportional gain 2
de-link overall
voltage control
Integral gain 5
PI regulator for Proportional gain 0.2
de-link voltage
balance control
Integral gain 1
TABLE IV
EXPERIMENTAL RESULTS STATISTICS OF THE STEADY STATES ON SINGLE
BTBC OCCASION
Items Partial Full
Before compensation Iy, (%) 46.51 46.51
PF¢ 0.8026 0.8026
Sa (VA) 0 0
Ss (VA) 0 0
After compensation Tyny (%) 10.01 0.58
PF¢ 0.9017 0.9995
Sa (VA) 224 210
Ss (VA) 398 844
After loads change Tyny (%) 9.23 0.37
PF¢ 0.9058  —0.9982
Sa (VA) 358 463
Ss (VA) 590 889

of the partial-compensation mode. This is because the power
delivered on full-compensation condition is larger than the one
on partial-compensation situation, which is demonstrated by
Fig. 10(i) (note: in order to facilitate the presentation and com-
parison of the apparent power, the experimental data recorded
by the power quality analyzer HIOKI 3198 (one data per sec-
ond) are plotted in Excel). Table IV lists the specifications of the
experimental results. It can be seen from Table IV that before
compensation, I, = 46.51% and PF; = 0.8026; when the
partial compensation is activated, PFy improves to 0.917 and
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Fig. 10. Experimental results on single BTBC occasion. (a) Primary cur-

rent waveforms at the beginning of partial compensation. (b) Primary current
waveforms under partial compensation when loads change. (¢c) DC-link volt-
age waveform at the beginning of partial compensation. (d) DC-link voltage
waveform under partial compensation when loads change. (e) Primary current
waveforms at the beginning of full compensation. (f) Primary current waveforms
under full compensation when loads change. (g) DC-link voltage waveform at
the beginning of full compensation. (h) DC-link voltage waveform under full
compensation when loads change. (i) Compensation apparent power of each
side under different compensation modes.
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Fig. 11. Experimental results on single BTBC occasion for stability verifi-
cation. (a) Primary current waveforms at the beginning of partial compensa-
tion (Lg = 3 mH). (b) Primary current waveforms under partial compensation
when loads change (L3 = 3 mH). (c) Primary current waveforms at the begin-
ning of partial compensation (a delay in the acquisition of x is introduced).

TABLE V
EXPERIMENTAL RESULTS STATISTICS OF THE STEADY STATES ON DUAL BTBCS
OCCASION
Items Partial Full
Before compensation Iy, (%) 46.54 46.54
PF; 0.8033 0.8033
Sa (VA) 0 0
Sy (VA) 0 0
After compensation Lyny (%) 10.11 0.48
PF¢ 0.9022 0.9996
Sa (VA) 225 213
Ss (VA) 402 846
After loads change Lyny (%) 9.22 0.40
PF¢ 0.9055 —0.9983
Sa (VA) 360 465
Ss (VA) 593 892

the index I,,,,;, decreases from 46.51% to 10.01%, which means
the expected compensation performance is achieved.

For the stability aspects discussed in Section III, it can be seen
from Fig. 11(a) and (b) that no deteriorated performance appears
when Lj changes from 5 to 3 mH. While the system shows
unstable performance (see Fig. 11(c)) if a delay is introduced in
the acquisition of x.

For the dual BTBCs occasion in Fig. 9(b), the experimental
results are presented in Fig. 12 and Table V. From Fig. 12 and
Table V, it can be seen that the experimental results on this
topology show no significant difference to that on the former
topology. Besides, the system exhibits its unit dc-link voltage
self-balance capability in Fig. 12(e), though the balance perfor-
mance is not as good as that when the balance control scheme is
adopted (see Fig. 12(f)). Note: because the unit dc-link voltage
reference on this topology is 0.5 times to the former topology’s
dc-link voltage reference, the ripples of the unit dc-link voltage
are slightly larger than that shown in Fig. 10.
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Fig. 12.  Experimental results on dual BTBCs occasion. (a) Primary current
waveforms at the beginning of partial compensation. (b) Primary current wave-
forms under partial compensation when loads change. (c) Primary current wave-
forms at the beginning of full compensation. (d) Primary current waveforms
under full compensation when loads change. (e) DC-link voltage waveforms
without balance control. (f) DC-link voltage waveforms with balance control.
(g) Compensation apparent power of each side under different compensation
modes.

V. CONCLUSION

Based on the theoretical discussion presented in the first part
of this paper, this paper mainly focuses on the implementation
and verification of the proposed system. The system modeling
is briefly introduced; the passivity-based control scheme is also
discussed in detail, including the design of the current controller,
stability analysis, the overall and unit dc-link voltage control.
In addition, a simulation model is established and two sets of
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experimental systems are physically implemented. All the re-
sults verify the theoretical analysis. Considering the features like
high level of modularity, and integration, relatively low compen-
sating capacity, the MBTBC-YNvd transformer-integrated sys-
tem is cost efficiency for power quality improvement in ERPS.

APPENDIX A

The partial compensation goals (defined in the first part of
this paper) are

PFy = Zk:A,B,C Pk/Zk:A,B,C Sk

=Y k-AB.C IkP/Zk:AA,B,C I,>09 (AD
Ly = I/ I, x 100% < 10%

where PF¢ and I,;,;, mean the fundamental power factor and
NSC unbalance ratio, separately; P, and Sj are the funda-
mental active power and apparent power of the primary three
phases, respectively; I}, is the amplitude of the fundamental pri-
mary three-phase currents; Iy, represents the amplitude of the
active power components of Iy ; and /_ and I, denote the am-
plitude of the fundamental NSC and positive-sequence current,
separately.
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