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An Internal Model Direct Power Control With

Improved Voltage Balancing Strategy for
Single-Phase Cascaded H-Bridge Rectifiers

Haoran Liu"¥, Lei Ma

Abstract—Single-phase cascaded H-bridge rectifiers (CHBR)
are widely studied for vehicular power electronic transformers.
In this article, an internal model direct power control (IM-DPC)
with a voltage balancing strategy is proposed to improve the control
performance of CHBR. First, a modified power control structure is
built by the relationship of coordinate transformation. On this ba-
sis, the IM-DPC method is presented to obtain a straightforward de-
sign for the inner-loop. This approach can be implemented without
phase-locked loop, and coordinate transformation is not necessary
as well. Then, a first-order transfer function between the difference
of dc-side voltage square and that of power is constructed. Further,
a novel calculation structure for the compensation duty cycle is
proposed. Through the proposed voltage balancing control scheme,
the dynamic performance of the dc-side voltage is improved when
load unbalancing occurs. The coupling effect between the overall
control for the CHBR is also eliminated. Finally, experimental
prototype tests are conducted to verify the effectiveness of the
proposed method.

Index Terms—Cascaded H-bridge rectifiers (CHBR), direct
power control, duty cycle compensation, power electronic
transformer (PET), voltage balancing control (VBC).

1. INTRODUCTION

ITH the rapid development of high-speed railways, high

power density, and lightweight turn into the central
development tendency of the locomotive traction systems for
high-speed electric multiple units (EMUs) [1]. Traditional line
frequency transformers fail to meet these requirements due to
the low working frequency and bulky mass [2]. Power electronic
transformers (PET) are extensively perceived as the momen-
tous equipment to be applied in the next-generation high-speed
EMUs thanks to the advantages such as high power density,
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lightweight, and friendly environment impact [3]. A typical PET
traction system is mainly formed by four portions: a single-phase
cascaded H-bridge rectifier (CHBR); a bidirectional isolated
dc—dc converter; a three-phase inverter; and a traction motor
[4]. As the intermediate link of the PET system, the control
performance of CHBR is crucial for its stable operation. The
control system of CHBR is typically divided into two subsys-
tems, i.e., the dual closed-loop control (outer- and inner-loop)
and the voltage balancing control (VBC) [5].

The main objective of the dual closed-loop control is to draw a
sinusoidal ac-side current with unity power factor and offer fast
dynamic performance [6]. To this end, various approaches have
been conducted [6]-[13], [15]. Among them, indirect current
control is simple and free of current detection. However, its
weak antidisturbance capacity and poor robustness are trouble-
some problems. [7]. Although hysteresis current control enjoys
a quickly dynamic performance, it is hard to design a filter
to eliminate broadband harmonics [8]. Nowadays, two control
schemes are widely reported in locomotive traction applications,
namely the transient direct current control (TDCC) [9] and the
proportional-integral-based voltage-oriented control (PI-based
VOC) [10]. TDCC is simple to implement with a fast dynamic
response speed. However, it comes with a nonzero steady-state
error of the ac-side current, which can not assure unity power
factor [11]. To address this problem, PI-based VOC transforms
the ac variables into dc signals by the coordinate transformation.
Then, PI controllers are applied to achieve zero tracking error
of the ac-side current [10]. Yet, it suffers from poor dynamic
performance [11]. Furthermore, with the PI-based VOC method,
the (N+2) times coordinate transformations should be employed
to get the total duty cycle for N H-bridge cells system [5]. It
will increase calculation burden of the digital signal processor
(DSP). Proportional-resonant (PR) control can also eliminate
the steady-state error by a large gain at the target (resonant)
frequency. However, it is sensitive to the variations in the
grid-side frequency [1]. In [12], an adaptation algorithm of the
resonant control method is presented, but the choice of param-
eter is intricate. From the perspective of the control structure,
phase information about the grid voltage is necessary for the
above control methods [1], [7], [9]-[12]. It can be drawn by
the phase-locked loop (PLL). However, it is challenging to
realize fast and accurate phase tracking when power quality
problems, such as amplitude and frequency variation occur on
the grid voltage [13]. Moreover, it is hard and time-consuming to
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tune the PLL parameters [14]. Therefore, the control system of
CHBR without PLL is desirable. Recently, predictive control has
attracted much attention for the CHBR system thanks to its fast
dynamic response speed. A cell-by-cell-based finite-control-set
model predictive control (FCS-MPC) is proposed in [15], and
good tracking performance of the ac-side current is obtained.
Nevertheless, it cannot avoid the time-consuming tuning of the
weight factors to handle multiple control objectives. In short,
the aforementioned methods only control the ac-side current,
while the power of rectifiers is more concerned than the ac-side
current and needs to be controlled directly [6]. Then, a model
predictive direct power control (MP-DPC) with the modulation
function optimization is applied to the CHBR in [6]. Compared
with the cell-by-cell-based FCS-MPC, the proposed MP-DPC is
uncorrelated to the weighting factor of the cost function. How-
ever, online parameter identification is needed to enhance the
system robustness [16], which gives rise to a considerable effort
of calculations, so the system complexity also increases [17].
On the other hand, establishing a stable output voltage on
the dc-side is the goal of the VBC strategy [15]. Considerable
researches have also been done in succession, which can be cate-
gorized into two classes. The former is the advanced modulation
strategy [18]-[20], such as sorting of the dc-side voltage [18] and
the three-dimensional (3-D) space modulation technique [19].
It ensures the voltage balancing on the dc-side, even when there
is a significant difference in the load. However, it is difficult to
expand these modulation-based methods to the CHBR system
with a large number of H-bridge cells [5]. Consequently, lots
of researchers are inclined to the latter choice, namely, the duty
cycle compensation scheme seeing its easy implementation [5],
[9], [12], [21]-[23]. To name a few, the VBC methods with N
individual PI controllers are used in [9] and [21], the compensa-
tion components are the output of the PI controllers multiplied
by the sinusoidal signal of grid voltage and the basic duty cycle,
respectively. However, the coupling effect between the dual
closed-loop control and the VBC is not considered in both two
methods. The coupling effect has an inscrutable influence on
the control of the dual closed-loop system, which makes the
independent design of the two subsystems for CHBR control
impractical [23]. Given this problem, N—1 PI controllers with
PI-based VOC technique is used to generate the compensation
component of the Nth duty cycle in [22]. Still, the decoupled
relationship can only be achieved under the load balancing state.
Differently, a new reckoning way with PI-based VOC is provided
in [5], and it can completely decouple the two subsystems of the
CHBR. However, the dynamic response of voltage balancing is
not satisfactory. In reality, the longer settling time of the dc-side
voltage under the unbalancing load, the more potential serious
damage to the system [1]. Thus, fast dynamic performance of
the voltage balancing is imperative for the CHBR system. To
strengthen the dynamic performance of voltage balancing, the
VBC method based on the dynamic references design concept
is revealed in [23]. However, it lacks integral effect, so power
compensation is needed. Moreover, the selection of prediction
horizon and correction coefficient is a bit complicated. In [12],
the VBC method based on energy estimation of each dc-side
capacitor bank is presented. Yet, it is essentially a proportional
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Fig. 1.

controller with fixed parameters, thus suffering steady-state
eITor.

With a comprehensive consideration of the limitations men-
tioned above, the motivation of this article is to design a simple
control strategy with fast dynamic performance for the CHBR
system. An internal model direct power control (IM-DPC) with
improved VBC strategy is proposed. The main contributions are
enumerated as follows.

1) Performance Improvement of the Dual Closed-Loop

s Control: Unity power factor can be realized in steady
state. In addition, it provides better dynamic performance
in the inner-loop and stronger robustness compared with
the method in [5].

2) Performance Improvement of the VBC: The dynamic re-
sponse of the voltage balancing by the proposed VBC
strategy is enhanced. Besides, there is no coupling effect
between the dual closed-loop control and the VBC.

3) Easy Implementation: IM-DPC can be applied with a
single tuning parameter. Moreover, the PLL and the coor-
dinate transformation are not demanded.

The rest of this article is organized as follows. The mathematic
model of the single-phase CHBR is developed in Section II.
Then, the modified power control structure and the IM-DPC
method are presented in Section III. In Section IV, the improved
VBC method is analyzed in detail. The stability analysis of the
two subsystems is demonstrated in Section V. Experimental re-
sults are exhibited in Section VI. Finally, Section VII concludes
this article.

II. MATHEMATIC MODEL OF SINGLE-PHASE CHBR

Fig. 1 depicts the topology of a single-phase CHBR with
N series-connected H-bridge cells, where each H-bridge cell
is constituted by four insulated-gate bipolar transistors (IGBT)
Ti1-Tig (k=1,2, ...N)with four antiparallel diodes Dy1-Dy4; s
denotes the grid voltage; i represents the ac-side current; L and R
refer to the equivalent inductance and resistance of the adopted
CHBR, respectively; Cqr and Ry are the dc-side capacitors
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and load resistances of the kth rectifier cell, respectively; uqcx
represents the kth dc-side voltage and can synthesize the total
input voltage u,;, of the CHBR.

The relationship between the grid voltage and the ac-side
current in the af coordinate is available via the following
equation [6]

LM: sa .soz_ abo
{ 7 u Ri Ugd 0

L letﬁ = usp — Risg — Uapp

where ugq, Usg, isq, and isg represent the a-axis and j-axis
components of uy and i,, respectively; uqpo and uqp3 denote
the a-axis and f(-axis components of the input voltage i,
respectively.

Using the second-order generalized integrator (SOGI) to ex-
tract the fundamental component of ug and i in the a3 coordi-
nate [16], it leads to

Usq = Usm COS(WL) = ug @)
Usg = Usm Sin(wt)

isa = tsm cOs(wt — @) = i 3)
isp = lsm sin(wt — @)

where ugy, and iy, represent the peak amplitudes of ug and is,
respectively; ¢ denotes the phase difference from ug to is; w
refers to the angular frequency of the fundamental grid voltage,
and w = 27fy. fo represents the fundamental frequency of the
grid voltage.

On account of the instantaneous power theory, the active
power P and the reactive power Q of the single-phase CHBR
are defined as [24]

_ UsalsatUsglspg

P — Usm?smCOSY __
Q — Usm Lsm SINY — sBlsa salsp
2 2 :

III. PROPOSED INTERNAL MODEL DIRECT POWER
CONTROL STRATEGY

In this section, the modified power control structure and the
IM-DPC method are discussed in detail.

A. Modified Direct Power Control Structure

By differentiating P and Q in (4) with respect to time ¢, it is
derived that

dP 1 l“ . d Uso du B

G5 = 3 (Usa G sy +u55 dt +ispg5) (5
@ — l( dlsa + Z du 9[3 de disg —Z dusa)

at — 2\UsB gy sa Ty saTqy sBTat /-

Substituting (1) and (2) into (5), it follows that

{22 -

Let up and uq separately represent the power modulation
signals of the active- and the reactive loop. The two power
modulation signals can be described as

é WQ 5L (usauaba + usﬂuabﬁ) (6)
2L (usauabﬁ - usﬁuaba)

Up = Usa * uaba+usﬁ * UabpB (7)
UQ = —Usp * UgbatUsa * UabB-
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Invoking (6) and (7) yields
m 2
2L T L WQ SEUP 8
{ % =whP - R 2L“Q ®
Then, by considering (2), (7) can be reorganized as
UP = Ugm COS(WT) * Ugha+Usm SIN(WT) - Uqpg ©)
UQ = —Usm SiN(WE) - Ugpa+Usm COS(WE) - Ugpg-

Fortunately, the trigonometric function on the right-hand side
of (9) is the transformation from the a/3- to the dg coordinates
[25].

According to the transformation relationship from the dg
coordinate to the a8 coordinate, the following equation is es-
tablished immediately as

{ Ugba = 3= cos(wt) — uf sin(wt)

Uabg = = sin(wt) + % cos(wt). (10)

Multiplying the numerator and denonnnator of the right-hand
side in (10) by ugp,, and recalling (2), one obtains

_ UsqUp— usqu
m — UsaUP"UspUQ

{ aba im (11)
Us3UP usauQ

Usm

Uabp =

From (11), it is clear that up and uq must be solved first to
figure out u,p,q -

Define vp and vq as the control outputs of the active- and the
reactive loop for the modified DPC system, respectively, and it
is expressed as

vp = Lm wQ 5L up 12
LQWP+MWQ 1
By employing (12), up and uq can thus be deduced as
Up = Usm> — 2L(wQ + vp)
(13)
uq = 2L(vg — wP).

Now, vp and v are the only unknown variables to find uap, q.
Integrating (12) into (8) gives
dP R

dQ
PR AT

where P and Q become the state variables, vp and vq are the
input variables of the control system, respectively.

The state-space model and the transfer function of the modi-
fied power loop is further shown as

R
- —fQ'FUQ (14)

—L&q A B
_ — L
Gne=Gra=| 47 C D (15)
GNP(S) = GNQ(S) = C(S[ - A)_lB + D

where Gyp and Gnq represent the nominal model (control plant)
of the active- and the reactive power loop, respectively.

Control structure of the power closed loop can be depicted in
Fig. 2, where ep and e are the power difference of the active-
and the reactive power loop, respectively; Pt and Q¢ represent
the power reference of the active- and the reactive power loop;
Kp and K refer to the controllers to be designed of the active-
and the reactive power loop, respectively.

Obviously, vp and vq are the outputs of the controller K p and
K g in Fig. 2, respectively [26].
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Fig. 3. Block diagram of the modified power control structure.

Fig. 3 shows the control structure of the modified power loop.
Compared with the structure of the PI-based VOC [10], [23]
and the PI-based DPC [24], the modified DPC structure does
not need the coordinate transformation. Moreover, unlike the
TDCC and the PR control method in the stationary reference
frame, it does not require the phase information of grid voltage
to produce the current reference [1], [9]. Thus, the modified DPC
structure is irrelative to the PLL. With this modified structure, it
can be expected less computational effort.

B. Internal Model Direct Power Control

After establishing the modified power control structure, K p
and K¢ can be designed by the PI control method. However,
the two parameters of the PI controller may increase the tuning
complexity in the inner-loop [25]. Hence, internal model control
(IMC) is applied to provide an alternative solution [27]. IMC
method has been successfully researched in permanent magnet
synchronous machines [28], turbocharged gasoline engines [29]
and induction motors [30] due to its simple structure and less
computational burden [31]. However, IMC has seldom been
investigated in the inner-loop control of the CHBR for locomo-
tive traction applications. Here, the IMC method based on the
modified DPC structure is employed to obtain a straightforward
design for the inner-loop control.

The controllers Kp and K are set to be the same to achieve
the comparable control effect on the active and the reactive
power loops [10]. Moreover, it can be seen from Fig. 2 that
the closed-loop control structure of the active and the reactive
power is consistent. Therefore, the design process of Kp and
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K ¢ is identical. For ease of presentation, only the controller of
active power loop is analyzed in this article.

Fig. 4 exhibits the block diagram of the IMC structure, where
G p refers to the real model of active power loop; Cp represents
the IMC controller; and dp is the external disturbance.

From the standard IMC structure in Fig. 4(a), one is inferred
in the Laplace domain that

_ (Pu(s)=dp(s))-Cp(s)
{UP(S) = 1+c,f(s)(G§(s)—G§p(s))

P(s) = Gp(s)vp + dp(s). (16)

Then, (16) can be further rewritten as

_ Cp(s)Gp(s)Prei(s) + (1 = Cp(s)Gp(s))dp(s)
1+ Cp(s)(Gp(s) — Gup(s))

P(s) .
a7

Assume that the nominal model is an accurate representation
of the real model, it has G p(s) = Gnp(s). The IMC controller
is implemented by the inverse of Gnp, i.e., Cp(s) = Grp(s)™!
[27]. Then, it derives that P(s) = P,.¢ (s). It is indicated that the
perfect tracking performance and strong antidisturbance ability
are achieved by the IMC method. Unfortunately, this conclusion
is hard to realize in practice system because the inverse of Gyp
may be irrational. To prevent this problem, the IMC controller
Cp is designed by introducing a low-pass filter [32]. Since the
input of the power loop is a dc signal, the inclusion of the
low-pass filter has few effects on the phase delay of the control
system. By (15), it follows that

1 sL+ R

Cp(s) = Gnp(s)™! (s +1)" - L(xs+1)"

(18)

where X and n represent the filter parameter and the filter order,
respectively.

The smaller 7 is, the simpler the controller can be achieved.
The controller C p(s) in (18) canbe realized whenn = 1. Thus, the
filter order n is set as 1 to facilitate the controller implementation
in DSP.

To rearrange the standard IMC structure into the equivalent
structure in Fig. 4(b), the equivalent active power controller
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Kp(s) is formed as

Cp(s)
1-— CP(S)GNP(S) '
When G p(s) is not equal to Gnp(s), the perturbation can be
depicted by a multiplicative uncertainty model. The sufficient

and necessary condition for robust stability of the power system
is [30]

Kp(s) = (19)

Wp(s) < |as + 1] (20)

where Wp(s) refers to the multiplicative uncertainty bound.

From (20), it can be deduced that the robustness performance
is positively correlated with A. Moreover, the tracking- and
anti-disturbance performance of the power system are also re-
lated to A [32]. Therefore, IM-DPC is convenient in practical
locomotive traction applications with a single tuning parameter
A. The selection of A for the CHBR system will be discussed in
Section VI.

IV. IMPROVED VOLTAGE BALANCING CONTROL

In this section, the VBC scheme is presented. The purpose of
this method is to improve the dynamic performance of voltage
balancing on the dc-side from the point of energy balance theory.

Based on the theory of the instantaneous power, the following
equation is derived in the a3 coordinate [23]:

Pack = 3 (darisa + darisg)Udck

Qack = §(dﬂki8a - dakisﬁ)udck

. . 21
Pav = %(doﬂsa + dﬂlsﬁ)udav ( )
Qav = E(dﬁisa — daisg)udm,

where P, and Q,.j refer to the input instantaneous active
power and reactive power for the kth H-bridge cell, respectively;
P, and Q,, represent the input average active power and
reactive power for each H-bridge cell, respectively.

In (21), dny and dgy, are the total duty cycle of the - axis
and the 3-axis for the kth H-bridge cell; d,, and d stand for the
basic duty cycle of the a-axis and the [3-axis, respectively; A,k
and Agy, are the compensation duty cycles of the kth H-bridge
cell that help to keep the voltage balancing on the dc-side when
load unbalancing occurs; uq,, represents the average voltage of
the dc-side. These variables are given by

dop, = do + Dor = uaba + Aak
d dﬂ + Aﬁk = “bﬁ + Aﬁk

(22)
Udav = ﬁ Z Udck -

It is supposed that voltage balancing on the dc-side can be
achieved by the proposed VBC, i.e., uqcr = Ugqy, and relying
on (21) results in

1
PLw =3
2

where P i, represents the difference between Py, and P,
Additionally, recalling (21) leads to

QAk = Qd(,k Qav = 1 (dﬁkisa - dakisﬁ)(udck
(Aﬁk tsa — Dok - 158) - Udck

Pay, = Pack — (Ank - tsa+Dpk - 1) - Udek  (23)

- udav)

wb—‘

(24)
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where Qa j, represents the difference between Q.. and Q..

As can be observed from (24), the compensation duty cycle
will affect the reactive power in spite of that ugcr = Uday 18
attained. For the sake of reactive power balancing, the following
equation must be satisfied

Agp - isa — Dok -isp =0,(k=1,2,...N).  (25)
By virtue of (23) and (25) yields
24 P,
Ao = —o20 28k (p 12 N).  (26)

isa” +isp? Udck
Fig. 5 shows the equivalent circuit of the kth H-bridge cell,
where igcr, ik, and i.j refer to the load current, dc-side current
and capacitor current of the kth H-bridge cell, respectively.
Neglecting the power losses of switches, in line with the
energy balance theory, the dynamic equation of the dc-side
capacitor, in Fig. 5, is given by [33]

2
Udck
Ry,

2
=Cax = Puck — Uacklack = Pack — 27

Defining eqc = Udc i’ — Udaw’> and it derives through invoking
(23) and (27) that

deger, =92. (Pack— Puv) €dck :|
dt Cax " RarCaxk (28)
_ (PAk _ €k )
Clak Rak-Car /"
Rearranging (28) in the Laplace domain gives
edck () Rag
G = = 29
V(S) PAk(S) 1 + 0.5- de - S ( )

where G y(s) is named as the transfer function of the proposed
voltage balancing system.

It can be known from (29) that the difference between uqqy >
and uq.i2, i.e., eqck, behaves as a first-order transfer function
with P . Similar to the control structure of PI-based VOC in
[26], PI controller can be used to track the system reference,
and the input and output of the PI controller are eq.j and Pa g,
respectively. It should be pointed out that the purpose of (28)
is to establish the transfer function relationship between eqc
and Pag. In fact, an approximation is made in (28), i.e., Rgx
= R,,, where R, is a virtual average resistance. Although the
difference between R 45 and R, exists under unbalancing load,
the influence on the voltage balancing caused by the difference
can be regarded as the disturbance on the control output of the
VBC system, and can be diminished by tuning the PI parameters.
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Eventually, the duty cycle d is obtained by substituting Pa
into (22) and (26). However, applying (26) to the VBC directly
will bring about the coupling effect between the dual closed-loop
control and the VBC. In consideration of the coupling index in
the dq coordinate, the relationship in the a5 coordinate is defined

as [23]
N 2
= (Z Aakudck> ~
k=1

To minimize the coupling effect of the two subsystems, the ex-

(30)

pression of the compensation duty cycle A, in (26) is modified
as
— 2is5q J N2 —
Ao = TS uif7(k— 1,2,....,N—1)
€29}
AaN = =g ( > A kudck)

It can be noticed that the compensation duty cycle A,y is
drawn support from Agj;. However, the expression of Ay, is
out of touch with Agy, in (31). The reason is that the coordinate
transformation is unnecessary for the modified DPC structure,
so A, is added to d,, straightly.

Block diagram of the proposed IM-DPC with improved VBC strategy.

Carrier
| | phase-shift
PWM

To satisfy the limitation of the modulation index, the total
duty cycle should be constrained as [5]

Ao =do + Ao < 1,(k=1,2,....,N). (32)

The block diagram of the proposed IM-DPC with improved
VBC strategy for the adopted CHBR is demonstrated in Fig. 6,
where d, is used as the input of the phase-shifted PWM
(PS-PWM). 100Hz band-stop filters are applied to reduce the
second-order harmonic of the dc-side voltages. Q..f iS zero
for unity power factor operation [6]. To obtain an outstanding
performance of SOGI, the damping factor Ksogr of SOGI is set
to 1.57 ([16] and [34]).

Unlike the conventional VBC method [5], [9], [21], [22], the
proposed VBC method takes the difference eq.j as the input
of the PI controller instead of the difference of dc-side voltage.
Moreover, the compensation duty cycle is not generated by the
output of the PI controller, whereas it is produced by (31). Since
the mathematical model between eq.; and Paj, is constructed
by the power theory in this article, a feedback control loop is
established to track eq.;. Compared with the VBC approach in
[12], the steady-state error of dc-side voltage can be decreased
by the proposed feedback system. With this method, it can expect
an improved dynamic performance of voltage balancing on the
dc-side.
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V. STABILITY ANALYSIS

If the coupling effect is eliminated by the proposed VBC
strategy, the stability of the two subsystems can be analyzed
independently [5]. This section researches the stability of the of
the CHBR control system.

A. Stability of the Dual Closed-Loop Control

The transfer function of the power closed-loop system G¢p(s)
is calculated by invoking (15), (18) and (19), it has

_ 1
Y ESS

GCP(S) (33)
Subsequently, it is feasible to construct the characteristic
polynomial of G¢p(s) as

As+1 = 0. (34)
In light of the Routh stability criterion, the condition of the
power inner-loop system stability is A > 0.
From Fig. 5, it is deduced that

Udck Ry

L — 35
iry  SCapRar +1 (53)
Then, it derives
Pyck, R,
== 36
ek Ugek  SCarRap + 1 (56)
Similar to (36), one obtains
N
P Ry
= : : 37
ZUd k sCyRar + 1 37)

N
k=1 > Udck
=1

The system control cycle is much less than the grid voltage
cycle, so the sample delay can be ignored in the stability analysis.
Combing (37) and Fig. 6, the transfer function of the open-loop
system for the dual closed-loop Gop(s) is given by

Gep(s) Ry
G =K - Nugref - . 38
on(s) 0(8) - Ntgret N SCorRur 1 (38)
Z Udck
k=1

where K o(s) refers to the outer-loop voltage controller.
The transfer function of the closed-loop system G¢cp(s) can
be expressed as

GCD(S) =
Ko(s) - Ntger - Gep(s) - Rak

R )
> udek (sCapRar + 1) + Ko (s) - Nugrer - Gop(s) - Rax
k=1

(39)

With the expression of G¢p(s) in (33), the characteristic
polynomial of Gep(s) is
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N N

> tackrCap Rars® + > ttack (h + CarRax)s>
k=1 k=1

N
+ (Z Udcl; + KOPdeNUdref> s+ KorRarNugres = 0

k=1
(40)

where Kop and Ko represent the proportional and integral
parameters of Ko(s), respectively.

Usually, the parameters of PI controller are designed as pos-
itive numbers and A > 0, Cyr >0, Ry, > 0. Therefore, the
exponential stability of the dual closed-loop system is obtained
by the Routh stability criterion.

B. Stability of the VBC

By a standard control structure, one can get

G - K
Gov(s) = v(e) Ky (o)
1+ Gv(s)  Kv(s)
where G cy(s) refers to transfer function of the voltage balancing
closed-loop system. K y/(s) is the PI controller of the VBC, and let
Kvp and Ky represent the proportional and integral parameters

of Ky(s), respectively.
Rewrite (41) with (29) leads to

_ RaKvp - s + Rarp Kvi
0.5 RgpClyy. - 52+(deKVP+1) -5+ Rap Kvi
(42)

(41)

Gev(s)

Accordingly, the characteristic polynomial of Gcv(s) is
shown as

0.5 - RgxCay, - s°+(Rar Kyp+1)s + Rgp Kyi = 0. (43)

Therefore, the exponential stability of the VBC system is also
guaranteed by the proposed method.

VI. EXPERIMENT VERIFICATIONS
A. Description of the Experimental System

To confirm the effectiveness of the proposed IM-DPC and
the VBC strategy, a physical test platform for single-phase
CHBR is performed. Three separate H-bridge cells with IGBT
(FF200R 12KT4) are connected in series to construct the adopted
CHBR. The experimental prototype is exhibited in Fig. 7. A
32-bit floating TMS320F28335 DSP board is employed to pro-
gram the control algorithm in the CCS10.2 environment. The
grid voltage is supplied by a 5 kW autotransformer. The A622
current clamp and the 25 MHz/1300 V differential probe are used
to measure the waveforms of current and voltage, respectively. A
12 kW electronic load is exploited to change the load resistance.
The experimental values of the adopted CHBR are given in
Table I [35].

As is well known, the wider the bandwidth of the closed-loop
control system, the better corresponding dynamic performance
can be [36]. However, the increase in the bandwidth will lead to
growth in the overshoot. On the other hand, the pulsewidth mod-
ulation (PWM) equivalent switching frequency of the CHBR
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Electronic

TMS320F28335

Autotransformer &

Fig. 7.  Experimental prototype of the three-cells single-phase CHBR.

TABLE I

Oscilloscope

Differential
Probe

PARAMETERS OF THE CHBR SYSTEM

Parameters Experimental value
Grid voltage RMS value (us) 90V
Grid voltage fundamental frequency (fo) 50 Hz
AC-side equivalent inductance (L) 5.6mH
AC-side equivalent resistance (R) 0.1Q
DC-side capacitance (Cu) 3.3mF
DC-side load resistance (Rg) 20Q
DC-side reference voltage (ugrer) 50V
Switching frequency (fywm) 1000Hz
Control cycle (7¢) 50us
Damping factor (Ksoar) 1.57
Proportional parameters (Kop) 1.0
Integral parameters (Kor) 8.0
Proportional parameters (Kyp) 2.0
Integral parameters (Ky) 10.0
Number of H-bridges (V) 3

system can be expressed as Nfpwm, and the higher-order har-
monic content of the ac-side current is distributed near 2Nfp,vm
[23]. As can be observed from (4), the instantaneous power
includes the component of ac-side current. The increase of the
system bandwidth also weakens the suppression ability of high-
order harmonic components of the ac-side current. Therefore,
the system bandwidth of the power loop is set to be no more
than 2Nf,wm, considering the overshoot of the control system
and the suppression of the high-order harmonics of the ac-side
current.

With the parameters in Table I, the relationship between the
bandwidth of the power closed-loop and the filter parameter
A is shown in Fig. 8. When the switching frequency of the
experimental system is 1000 Hz, the bandwidth of the power
system should be less than 6000 Hz. Thus, as shown in Fig. 8,
the range of A is A >2.66x107. After the verification by the
experimental platform, A is selected as 1.55 X 107*. Then, the
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Fig.8. Relationship between the bandwidth of power closed-loop and the filter
parameter A.
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Fig. 9. Magnitude of the VBC system with the parameters in Table 1.
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Fig.10.  Experimentresults in steady state with the balancing load. (a) TDCC+
the VBC method in [21]. (b) IM-DPC+the proposed VBC method.
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TABLE II
EXPERIMENTAL RESULTS OF THE FIVE METHODS WHEN THE LOAD SUDDEN CHANGES

Performance TDCC+the VBC  Pl-based VOC + the PR+ the VBC PR+ the VBC method  IM-DPC+ the proposed
method in [21] VBC method in [5] method in [9] in [12] VBC method

Settling time under Ra2 change 540ms 590ms 455ms exist steady-state error 71ms
Voltage fluctuation under Rq> change 17V 20V 16V 11V 6.5V

Settling time under Ry3 change 550ms 700ms 420ms exist steady-state error 64ms
Voltage fluctuation under Rg; change 15V 20V 14v 10V v

P =400W_ | P =520W = 1100%14&% 80% us >

< » < - » ; -

P(I80W/div) :‘_ pms >: Fre OV . bi ™ (‘lfwdw) ’
A_|[/ BRI it it I = ;
T | wasovaiv | s (1114

WAAAAR
FAVATATAY

[ cHlY

VY

WYY VY

- L] L] Ll L} I I LI L
15(12A/d1V
Vil \ \WIVAVAVAVAY.
\/\/\/ \/ / /\ /\\ \
¢ \Y} vV V \Y \vj \Y
Time(20ms/div)
CH1: 150V & CH2: 18048V RMS: 9355V RMS: 469.86V
RMS: 488.04 RMS: 472 A
(a)
o =400W, | Pig =520W =
Y Y . >
P (180W/div
PO8OW/div) - — - «( \ ) )
LT
| IS~ (18O /A
L T oy Uyp (1OUV/ALY)
N \\\ l
n ——| I
N\ Sy
! apana

3]{ lII'I —»  oms
7y

7 i \ t (Sms/div) |-
WAVAVAVAVAY / }\/\/\/U/\/
i (12Adiv T I i)
H1: 150V & (CH2:180.48V < RMS: 9432V RMS: 486.23V
RMS: 489,30V RMS: 474 A

(b)

Fig. 11. Experiment results when Pref steps from 400 to 520 W with the
balancing load. (a) PI-based VOC. (b) Proposed IM-DPC.

power controller is solved by (15), (18), and (19). Due to length
limitations, the discretization process of the power controller for
DSP is not given, and for more details please refer to [37].

For a single-phase rectifier system, the dc-side voltage con-
tains a fluctuating component with a frequency of 2f [38]. As
can be seen from Fig. 6, the input of the VBC system is Udow s
so the 4fy fluctuating component will enter the VBC system.
It may increase the fluctuation of the compensation duty cycle
and even deteriorate the ac-side current quality. To reduce this
impact, let the closed-loop bandwidth of the VBC system be
less than 4f;. Fig. 9 shows the magnitude of the VBC system
with the parameters in Table I. Clearly, the resulting bandwidth
is within the set range.
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Fig. 12.  Experimental results when the amplitude of the grid voltage reduces
from 100% to 80%. (a) PI-based VOC+- the VBC method in [5]. (b) IM-DPC+
the proposed VBC method.

B. Experimental Results

The first test is carried out to assess the performance of the
proposed method in steady state with the balancing load. For
comparison, the TDCC+ the VBC method in [21], which is
widely applied in locomotive traction applications, are tested
under identical condition. Fig. 10 demonstrates the experimen-
tal results in steady state, where three 20 2 load resistors
are connected in each dc-side. As can be clearly appreciated
in Fig. 10, the seven-level voltage u,;, are generated by the
two control methods, all the ac-side currents emerge nearly
sinusoidal waveform, and the dc-side voltages remain close to
the reference value. However, the ac-side current in phase with
the grid voltage is only realized by the IM-DPC method. With the
TDCC method, the phase difference ( between the grid voltage
and the ac-side current is 6.0° in Fig. 10(a). This fact is caused
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TABLE III
COMPARISON RESULTS OF THE FIVE METHODS

TDCC+ the VBC  Pl-based VOC + the PR+ the VBC PR+ the VBC method IM-DPC+ the proposed
Performance and structure . . . .
method in [21] VBC method in [5] method in [9] in [12] VBC method

PLL Need Need Need Need No

Coordinate transformation No Need No No No

Unity power factor No Yes Yes Yes Yes

Dynamic performance of the inner-loop Fast Slow Fast Fast Fast

Coupling effect Not consider Decoupled Not consider Not consider Decoupled
Dynamic performance of the VBC Slow Slow Slow exist steady-state error Fast
Computation burden 11.8us 21.1us 14.04us 13.6us 12.8us
| Jongigobe 4, i 1 | Loupiodindec T ddm] | return t.o their reference value. By comparison, it can be noted
| from Fig. 12(b) that the change of the grid voltage has no effect
W o HT’ on the dc-side voltage by the proposed method. Consequently, it
Hw“u‘w i H|Hlvr |‘wm i ‘H i rm'mw ‘\N"WN‘W]H\"H\"H‘W"7' T e e is concluded that the proposed method has stronger robustness
i i il :.‘,H ;l“,;,mH'.'|',W..'¢'¢m.(l.\'w;'..\"'.u',|¢'¢H.“'.\H“,,'(}""‘ },‘ ‘_‘_‘M ;', against the grid voltage variations.

ARGl Ui ‘. ”" % To exhibit the coupling effect between the dual closed-loop
BOAGNT Time(200ms/div) L Timeoomsidiv) | control and the VBC scheme, Fig. 13 illustrates the experimental
) () results of the coupling index J,, by the IM-DPC method with the
improved VBC strategy. It is known from [5] and [23] that if the
Fig. 13. Coupling index J, of the proposed IM-DPC with the improved VBC  coupling index equals zero under the unbalancing load condi-

strategy. (a) Rq2 steps from 30 to 20 2 and R41 = Rg3 = 20 €. (b) R43 steps
from 20 to 35 2 and Rg1 = Rg2 = 20 Q.

by the PI controller cannot accurately track the 50 Hz current via
a finite loop gain [11]. Hence, it can be concluded that the unity
power factor can be achieved by the proposed IM-DPC method
in steady state.

The second investigation demonstrates the dynamic perfor-
mance of the proposed IM-DPC method under the active power
reference sudden change with the balancing load. For a fair
comparison of the dynamic performance, the outer-loop control
and the VBC are disconnected. Fig. 11 shows the experimental
waveforms when P, steps up from 400 to 520 W. Once a sudden
active reference power changes, as described in Fig. 11(a),
the PI-based VOC approach takes about 90 ms to adjust the
active power reaching the steady-state again, whereas the settling
time of active power by the IM-DPC scheme is about 9ms in
Fig. 11(b). In this test, the comparison results confirm that the
dynamic performance of the IM-DPC scheme is better than the
PI-based VOC strategy.

The grid voltage variation test has been performed to verify
the robustness of the proposed control strategy. The experimental
results are depicted in Fig. 12, where the grid voltage amplitude
is reduced to 80% of the rating value. It should be noted that the
change of the grid voltage is realized by the autotransformer, so
the voltage change has a regulation process of about 100 ms.
Fig. 12 shows the dc-side voltage is close to the reference value
under the 100% ug, with the PI-based VOC+ the VBC method
in [5] and the IM-DPC+- the proposed VBC strategy. However,
when the grid voltage dips by 20%, the voltage uqc; and ugc3
can not retain in the stable state by the PI-based VOC+- the VBC
method in [5], and the voltage fluctuation amplitude of uq3 is
10V. Additionally, the two dc-side voltages take almost 1.4 s to

tions, the coupling effect is eliminated. Here, it can be observed
from Fig. 13 that the coupling index J,, maintained at zero before
and after the load R ;o or R;3 changes. From the experimental
results of Fig. 13, one can be concluded that the coupling effect
between the two subsystems is get rid of by the proposed control
method under both steady state and transient conditions.

Voltage unbalance on the dc-side is the main weakness of the
adopted CHBR for the load unbalancing [13]. The final test is
provided to demonstrate the dynamic performance of the voltage
balance. Fig. 14 explicates the experimental results of the load
resistance R 4o sudden changes from 20 to 35 €, while R4; and
R 43 retain the nominal value of 20 €2. As can be seenin Fig. 14(a),
the dc-side voltages without the VBC method are maintained at
the desired value of 50 V in the beginning. However, after the
load resistance changes, the voltage uq.2 is about 28 V higher
than the voltage u4.1 and uq.3. The compensation duty cycle of
the third load R43 is produced by that of the other two loads,
so the experimental test is also conducted when the load R ;3
sudden changes from 20 to 35 €2, which is shown in Fig. 15.
Table II illustrates the experimental results of Figs. 14 and 15.
Clearly, the settling times of the dc-side voltage by the proposed
VBC strategy are less than the other four VBC methods when
the load R42 or R;3 sudden changes. Moreover, the smallest
voltage fluctuations of the dc-side voltage are obtained by this
method. Therefore, compared with the VBC method in [5], [9],
[12], and [21], the improved dynamic performance of the voltage
balancing is achieved by the proposed VBC approach.

By (24) and (25), it can be concluded that: the difference Qa
is proportional to the difference between uq.j; and uqa,y. If the
dc-side voltage is in a balancing state, then the reactive power
is in balance. From the experimental results of Figs. 14 and 15,
the three dc-side voltages are close to the reference value under
unbalancing load. As a result, the proposed VBC method has
the potential for reactive power balancing.
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Fig. 14.  Experimental results of the dc-side voltages when the load Rq2 sudden change from 20 to 35€2. (a) IM-DPC without the VBC method. (b) TDCC+ the
VBC method in [21]. (¢) PI-based VOC+ the VBC method in [5]. (d) PR control+ the VBC method in [9]. (e) PR control+ the VBC method in [12]. (f) IM-DPC+
the proposed VBC method.
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Fig. 15. Experimental results of the dc-side voltages when the load Rq3 sudden change from 20 to 35€2. (a) IM-DPC without the VBC method. (b) TDCC+
the VBC method in [21]. (¢) PI-based VOC+ the VBC method in [5]. (d) PR control+ the VBC method in [9]. (¢) PR control+ the VBC method in [12].
(f) IM-DPC+-the proposed VBC method.
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Through the above experimental tests, Table III gives the
comparison results of the performance and structure for the five
methods. The specific algorithm computation burden of the five
methods is also given in Table III. Unsurprisingly, the highest
computation burden takes place in the PI-based VOC+- the VBC
method in [5], because the PI-based VOC method demands the
coordinate transformation and PLL. Compared with the TDCC+
the VBC method in [21], the execution time of the proposed
control scheme is slightly increased due to the power calculation.
However, the unity power factor is assured by the proposed
control method, which is significant for the locomotive traction
with high power.

VII. CONCLUSION

In this article, an IM-DPC method with improved VBC strat-
egy was proposed for CHBR in locomotive traction applications.
According to the relationship of the coordinate transformation,
a modified DPC control structure was constructed without the
PLL and the coordinate transformation. Then, the IM-DPC
method is developed to achieve a straightforward design with
a single tuning parameter. Furthermore, the transfer function
relationship between the difference of dc-side voltage square
and that of power is obtained. Based on this, a feedback control
loop is constructed to keep voltage balancing on the dc-side.
The experimental results confirmed that the proposed strategy
has the salient features as follows.

1) Different from the control method with the TDCC, it can

achieve unity power factor in the steady state.
2) It can provide better dynamic performance and stronger
robustness compared with the control method in [5].

3) The dynamic performance of the voltage balancing on the
dc-side is improved compared with the VBC method in
[5], [9], [12], and [21].

4) No coupling effect exists between the two subsystems of

the CHBR.

In addition, since it can be easily implemented, the pro-
posed control strategy is also desirable to single-phase cascaded
H-bridge converter-based static synchronous compensator and
multilevel active power filter.
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