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Imbalance Mechanism and Balancing Control
of DC Voltages in a Transformerless Series Injector
Based on Paralleled H-Bridge Converters for AC

Impedance Measurement

Zeng Liu
Dushan Boroyevich, Fellow, IEEE, Rolando Burgos

Abstract—Small-signal stability of ac power systems is able to
be assessed by measuring their terminal impedance, and a trans-
formerless series injector is very attractive for wideband mea-
surement of load impedances. A typical implementation of the
transformerless series injector is paralleled H-bridge (PHB) con-
verters, where dc voltage imbalance will occur when system current
magnitude is larger than a critical point, and thus the operation
region of the series injector is seriously restricted. To address this
issue, this paper presents a deep analysis on the mechanism be-
hind dc voltage imbalance for PHB-based series injector, and it is
revealed that a positive feedback exists in the dc voltage balanc-
ing loop under high system current magnitude. Then an enhanced
control scheme is proposed to balance dc voltages in full system
current range, where a reactive component is injected in the out-
put voltage while reactive circuiting current is introduced among
H-bridge converters for redistributing active power. Furthermore,
the system behavior with the proposed scheme is comprehensively
analyzed and the reference design for the injected reactive com-
ponent magnitude in the output voltage is offered. Finally, the
imbalance mechanism and the proposed scheme are validated by
simulation and experimental results.

Index Terms—DC voltage balancing control, impedance
measurement, paralleled H-bridge (PHB) converters, series injec-
tor, small-signal stability.
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1. INTRODUCTION

HREE-phase ac power systems are prone to small-signal
T instability due to the dynamic behaviors of individual
power equipment, such as the power electronics converter [1]—
[3]. This phenomenon can be effectively analyzed by dividing
the whole system into a source subsystem and a load subsystem
at the bus, and then applying Nyquist criterion to their small-
signal terminal impedances defined under either synchronous
reference frame [4], [5] or phase domain [6], [7]. Thus, in prac-
tical, the terminal impedance measurement is becoming signif-
icant for assessing system stability.

The basic principle of measuring small-signal impedances
of three-phase ac systems has been well established [8]-[10].
Small perturbation signal at various selected frequencies is in-
jected into the system, while corresponding responses of current
and voltage at the terminals of subsystems are recorded and then
processed to compute the impedances of subsystems over the
frequency range of interest. For the impedance measurement,
the perturbation injector is the core, because it is electrically
connected to the system under measurement. Initially, the shunt
injector is proposed for measuring impedances of ac power sys-
tems, which is parallel to the system bus and injects perturbation
current into the system [11]-[13]. However, the shunt injector is
just suitable for measuring the impedance of source subsystem,
since most of the perturbation current flows into source sub-
system whose impedance is usually much lower than the load
subsystem.

In the transformerless series injector based on paralleled
H-bridge (PHB) converters, the system current should be shared
among H-bridge converters, while their dc voltages must be
balanced and equal to the reference since their dc capacitors are
isolated and floating. To achieve these goals, a control scheme
has been proposed in [14], where dc voltage balancing loops
and inductor current loops are employed, and the dc voltage
balancing control is realized by trimming the references of
the inner inductor current loops. As shown in the hardware
test results under low system current, the system current is
shared among H-bridge converters and their dc voltages are
balanced. However, it is interesting to find that the dc voltages
of H-bridge converters will be imbalance when the system

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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current magnitude reaches and exceeds a critical point, which
is much less than the designed current rating. Consequently, the
PHB controlled by the existing scheme is just able to operate
under the low system current magnitude condition, and the
capability of impedance measurement is seriously limited.

To tackle the aforementioned issue, this paper presents a deep
analysis on the mechanism behind dc voltage imbalance for PHB
based series injector with the conventional control scheme and
then proposes an enhanced control scheme to balance dc volt-
ages in full system current range. Compared to existing publica-
tions [14], [15], the contribution of this paper can be summarized
as below. At the beginning, the active power flow of single H-
bridge converter is modeled, including the power losses of the
filter inductor and the power semiconductor devices, and then
the derivative of the dc power with respect to the inductor cur-
rent magnitude is derived. It is revealed that this derivative turns
to be negative when the operation point of the inductor current
magnitude increases to a critical point where the resistive power
losses introduced by the inductor as well as the power semi-
conductor devices just equal to the active power flowing into
the dc capacitor, and thus the dc voltage balancing loop will be
changed from negative feedback to positive feedback. Conse-
quently, these dc voltages will not be balanced any more when
the system current magnitude exceeds a corresponding value in
the PHB-based series injector. Furthermore, an enhanced con-
trol scheme is proposed to extend the operation region of the
PHB-based series injector, where a reactive component of the
inductor current is trimmed instead of the active component in
the conventional scheme [14], and the reactive component is
injected into the output voltage. Thus then an interaction be-
tween the reactive components of the inductor currents and the
reactive component of the output voltage is able to redistribute
the active power flows among H-bridge converters to balance
their dc voltages. Since the reactive component of the inductor
current is adopted, dc voltage balancing is not dependent of
system current anymore, and the series injector is able to op-
erate in full system current range. Finally, the derivative of the
dc power with respect to the reactive component magnitude of
inductor current is investigated for each H-bridge converter, and
then it is observed that the dc voltage will always be balanced
when a proper reactive component magnitude of the output volt-
age is introduced, which is mainly dependent of the parameter
variances among H-bridge converters and the maximum sys-
tem current magnitude. And thus a guideline for designing the
reactive component magnitude of the output voltage is offered.

The rest of this paper is arranged as follow. The system
configuration of PHB-based series injector is introduced in
Section II. Section III presents the imbalance mechanism of the
dc voltages in PHB. The enhanced control scheme is proposed
in Section I'V. Section V gives the analysis and design for the
proposed scheme. Section VI verifies theoretical analysis by
simulation and experimental results. Finally, the conclusions
are remarked in Section VII.

II. SYSTEM CONFIGURATION

Fig. 1 shows a typical configuration of impedance measure-
ment using a transformerless series injector for a three-phase ac
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Fig. 1. Power stage of the impedance measurement setup for three-phase

ac power system using a transformerless series injector based on three PHB
converters.

power system divided into the source subsystem and the load
subsystem, whose operation principle is presented in [14]. The
series injector is inserted into phase A for injecting perturbation
voltage to the system under measurement, while terminal volt-
ages and currents of source and load are measured and processed
for computing their impedances Zgq, and Zy 4.

In the series injector, the number of H-bridge converters N
is set to 3 in this paper for simplification since the dc voltage
balance characteristic is less dependent of N. Within each H-
bridge converter, there are four IGBTs with anti-parallel diodes
and aninductor Ly, (k = 1, ..., N). Their ac sides are paralleled
together through the inductor L;, while there is just a floating
capacitor Cj, on their dc sides for maintaining the dc voltage
v4ck- Besides, an ac capacitor C), is used to buffer the system
currentig, . In the PHB-based series injector operating normally,
perturbation voltage at given frequency is generated on the ac
capacitor C),, and system current 7g, is equally shared among
H-bridge converters while their dc voltages v .. are balance and
follow the voltage reference.

III. IMBALANCE MECHANISM OF DC VOLTAGES IN PHB
WITH EXISTING CONTROL SCHEME

A. Description of Existing Control Scheme

For the PHB-based series injector, there are four control tar-
gets, which are as follows:

1) Average dc voltage regulation;

2) Perturbation voltage generation;

3) DC voltages balancing;

4) System current sharing among H-bridge converters.

To achieve these goals, dc voltages v,.., inductor currents
1Lk, output voltage vc, and system current ¢g, are sensed,
and then processed by the control block diagram presented in
Fig. 2, and eventually three duty cycle dj, are obtained, which are
used to generate control signals for the IGBTs in corresponding



LIU et al.: IMBALANCE MECHANISM AND BALANCING CONTROL OF DC VOLTAGES IN A TRANSFORMERLESS SERIES INJECTOR

Vde Il VdL'Zl vdc3l

i 4
i

VCpm N I N d
Average DC AC Voltage i A%gggfm 1,
Xo]tage Control .
ontrol i 1
¢—>» AC Current dz
. Control
n .
0 DC Voltage |;* | ’L3l
PLL ¢—> Balancing [
Control i3 —: A(é (illtlll:(r;m dy

1} SaT VdclT vch vdc?:T

Fig. 2. Overall control block diagram for the series injector based on three
PHB converters.

H-bridge converters by pulsewidth modulators. As shown in
Fig. 2, existing control scheme is composed by an average
dc voltage control, an ac voltage control, a phase-locked loop
(PLL), a dc voltage balancing control, and three ac current
controls.

The first control target is achieved by the average dc voltage
control, whose inner structure is presented in Fig. 3(a). The av-
erage value of the dc voltages 74, is first calculated out, and then
compared with the dc voltage reference v);,. The error is sent
to the voltage regulator Gypc, implemented by a proportional-
integral compensator, whose output then sets the reference for
active component magnitude of the output voltage, i.e., v¢,,,
The average dc voltage is determined by the total active power
absorbed by the injector, which can be regulated with active
component magnitude of the output voltage v¢,, and thus the
average dc voltage controller works.

It is supposed that the system current is expressed by (1),
where fy denotes the fundamental frequency of the ac system.
Then its phase angle 6 is extracted by the PLL, which can be im-
plemented by conventional second order generalized integrator
based PLL for single-phase system [16]. Giving the reference
for the active component magnitude of the output voltage v,
and phase angle of system current 6, the instantaneous output
voltage reference v, is synthesized, which is shown in Fig. 3(b).
Then the error between the reference of the output voltage and
the actual output voltage is sent to the ac voltage regulator Gy,
which generate a common reference for the inductor current
of each H-bridge converter 77 . Since the actual output voltage
will track its instantaneous reference by regulating the inductor
currents, the perturbation reference v}, is added as a part of the
instantaneous output voltage reference to achieve the second
control target.

isa = Ismsin (27 fot + 0y) = Igpsin 0. (1)

The third target is realized by the dc voltage balancing control,
whose inner structure is shown in Fig. 3(c). DC voltage of each
H-bridge converter v, is compared with the average value of
all dc voltages v4., and the error is sent to the trimming regula-
tor Gyp¢. It generates the magnitude reference of the trimming
component for the inductor current in corresponding H-bridge
converter, which is further multiplied by the sinusoidal value of
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Fig.3. Inner structure of (a) average dc voltage control, (b) ac voltage control,
(c) dc voltage balancing control, and (d) ac current control in existing control
scheme.

the phase angle 0 to produce the instantaneous reference i} ;.
of the trimming component. As shown in Fig. 3(d), the inductor
current reference for each H-bridge converter eventually con-
sists of the common component 77 and the trimming component
17 4.» While it is able to redistribute the active power flowing into
H-bridge converters sharing common output voltage v by trim-
ming their inductor currents, and thus the dc voltages could be
balanced by slightly adjusting the inductor current references
through their trimming components. It is worth mentioning that
as expressed in (2) the sum of all trimming component refer-
ences equals to zero and the total active power absorbed by
the series injector is not impacted by the dc voltage balancing
control

N
k=1
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Fig. 4. Active power flow of an H-bridge converter with float dc capacitor.

Besides, it is obvious that fourth target, i.e., the system current
sharing among the H-bridge converters, can be met by the ac
current control for each H-bridge converter shown in Fig. 3(d).
Each inductor current 4, is controlled to track its reference i7 ;,
by regulating the duty cycle of the H-bridge converter with the
ac current compensator Gir, .

B. Active Power Modeling of H-Bridge Converter

In the H-bridge converter, the dc voltage vy, is relative to
the active power absorbed at its ac terminal as well as the power
eventually flowing into the dc capacitor C},. Thus, it is necessary
to model the active power flow of each H-bridge converter for
analyzing the mechanism behind the dc voltage imbalance of
PHB-based series injector.

As shown in Fig. 4, the average active power absorbed at its
terminal Pr; will equal to the sum of the power losses of the
inductor Prj, the power losses of the H-bridge Ppj and the
power flowing into dc side P, and their relationship is pre-
sented in (3). To facilitate generalizing the power losses analysis,
the inductor current is expressed in (4)

Pr. = P + Ppi, + Pick (3)

ik = Ipgmsin @. (€]

The inductor power losses Pr; consist of copper loss and
core loss. The copper loss, introduced by the resistance of the
winding, is expressed in (5) [17]. As shown in (6), the core loss
is determined the frequency, the magnitude of the magnetic den-
sity, and the characteristic of core material [18]. The parameter
[ is determined by the core material, and generally close to 2.
Therefore, the total power losses of inductor can be expressed in
(7), and its equivalent resistance Ry, is less dependent of the in-
ductor current and given by (8) approximately, where k; denotes
the ratio from the magnetic density to the inductor current

&)
(6)

1
2
Pcopper - QILkm Rwind

Pcore - chu Bgy
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Ko Jok
SR ®)
To estimate the losses of H-bridge, the loss models of the
power semiconductor devices are listed below [19], [20]. For
the IGBT, the ON-state voltage drop is presented in (9), and turn
ON loss and turn OFF loss are given in (10) and (11), respectively.
For the diode, the ON-state voltage drop is presented in (12), and
during the transient, only the power loss caused by reverse re-
covery is considered, which is expressed in (13). All parameters
in these models can be extracted from the device datasheet

Rry = Rying +

Von = V;S + Rceic (9)
Ve
Eon = Aon e = 10
' Viase 1%
Eopp = Ao ic i (11)
Viase
Von = Vi + Rapiq (12)
. Vak
Eree = Arec I 13
Zd Viase (13)

The bipolar strategy is adopted for pulsewidth modulation in
H-bridge, and all the power semiconductor switches are sym-
metrical. In each switch, it is reasonable to suppose that the
IGBT and the diode, being with the same current rating and
voltage rating, share the same conduction characteristics. There-
fore, the total power losses of the H-bridge can be derived and
simplified to the following equation:

Pgi = M Iiem + MpioIsy, (14)
where
4 Vdck
MBkl = Vf + fs (Aon + Ao,ff + Are(:)
™ V;mse

Mprs = Ree = Rap.

The deduction process for (14) will be presented in Appendix,
and it is obvious that the power losses of the H-bridge consist
of two terms. The first term, where f; denotes the switching
frequency, is determined by the switching behaviors and the
constant components of the ON-state voltage drops. The second
term is introduced by the slopes of the ON-state voltage drop
variation with the conduction current.

Finally, the active power flowing into the dc capacitor is
used to compensate its power loss that generally increases with
its terminal dc voltage, and the dc voltage will increase until
its power loss just equals to the active power flowing into dc
capacitors.

C. Analysis of DC Voltage Imbalance in Existing
Control Scheme

In existing control scheme, it could be supposed that the
steady-state errors of the ac current control and the ac voltage
control around fundamental frequency are zero because their
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bandwidths are much higher than the fundamental frequency.
Besides, the perturbation frequency component of the output
voltage can be neglected since it has less influence on the active
power flow in steady state. Therefore, the output voltage can
be expressed in (15), where V¢, is equal to the reference
generated by the average dc voltage control

ve = Vepmsin 0. (15)

Then the inductor current of each H-bridge converter con-
sists of the common component and the trimming component.
As mentioned above, the sum of all trimming components is
zero and the common components are identical to each other.
Therefore, the common component of the inductor current will
almost be in phase with the system current ig, with the as-
sumption that the current of ac capacitor is negligible since its
capacitance C), is very small, and it can be presented in (16).
Furthermore, the trimming component of the inductor current
is also in phase with the system current in the existing control
scheme according to Fig. 3(c). Eventually, the inductor current
can be presented in (17), whose magnitude I7,,,, is associated
with the system current magnitude and the trimming component
magnitude 17, g5, in (18)

1

i = risa = %sin 0 (16)

ik = ILkpmSin 0 (17)
I

ILkpm = ST + Irdkm- (18)

Combining (15) and (17), the absorbed active power of the
H-bridge converter can be derived, which is presented in the
following equation:

1 2 ) 1
P[k = %/0 UCZLkde = §VCmeLkpm- (19)

Then substitute (18) into (7) and (14), the inductor power
losses and the bridge power losses are obtained for the existing
control scheme. Furthermore, the output voltage magnitude can
be derived by combing (3) and (19), which is presented in (20).
It is found that the output voltage magnitude will decrease and
then increase with the inductor current magnitude

2Pdck
ILkpm

VCpm = 2]\4Bk1 + RLkILkpm + 2MBk21Llcpm +

According to (18), the inductor current magnitude is actu-
ally trimmed to balance the dc voltages, while the dc voltage is
determined the active power flowing into dc capacitors Py in
each H-bridge converter. Therefore, it is significant to get the
mathematical relationship between the dc power and the induc-
tor current magnitude, which can be derived by substituting (7),
(14) and (19) into (3), and finally be presented in the following
equation:

1
Pdck = 7VCp77LILkp77L - MBk‘llLk‘pm
2

1
- <MBk2 + 2RLI€) I%kpm' 2h
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Fig.5. Impactof inductor current magnitude on the derivative of the dc power
with respect to the inductor current magnitude in the H-Bridge converter with
the existing control scheme.

Since the inductor current magnitude is trimmed in the dc
voltage balancing control of existing scheme, it is necessary to
investigate the impact of the inductor current magnitude vari-
ation on the dc power variation, which can be mathematically
represented by the derivative of the dc power with respect to
the inductor current magnitude. This derivative can be obtained
from (21) by combining (20), which is shown in (22). It is
obvious that the value of the derivation is determined by the
operation points of the inductor current magnitude as well as
the dc power

APdck _ Prlck,
AILkpm ILkpm

- <R§k +MBk2> ILkpm- (22)

As shown in Fig. 5, the derivative of the dc power with respect
to the inductor current magnitude will be positive when the
inductor current magnitude is less than a critical point and be
negative when it is larger than the critical point which is given
in (23). It can be found that the critical point is just determined
by parameters of the inductor and the power semiconductor
devices as well as the power flowing into the dc capacitor in
the H-bridge converter. Besides, at the critical point, the power
flowing into dc capacitor exactly equal to the so-called resistive
losses in this paper, which consist of inductor losses and the
second term of the H-bridge losses and are proportional to the
square of inductor current magnitude

C Pk,
Lkpm — R .
L+ Mpo

This derivative expressed in (22) means that when the in-
ductor current magnitude is lower than the critical point 1 gk pm>
power flowing into dc capacitor Py.;, will increase with inductor
current magnitude I, , and the dc voltage balancing control
works well. When the inductor current magnitude exceeds the
critical point, power flowing into dc capacitor P;.; will decrease
with inductor current magnitude 17,1, and thus a positive feed-
back appears in the dc voltage balancing loop. Consequently,
in existing control scheme, the dc voltages cannot be balanced
anymore when the inductor current magnitude is larger than the
critical point.

According to (18), the inductor current magnitude will in-
crease with system current magnitude, and there must be a crit-
ical point for the system current magnitude [ gm , which can be
expressed in (24) since the trimming component is much less

(23)
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Fig. 6. Phasor diagram of inductor currents and output voltage in PHB-based
series injector with (a) existing scheme, and (b) proposed scheme. In the pro-
posed scheme, output voltage v consists of active component v¢, and reactive
component v¢ 4, while inductor current 77, ;. consists of active component iy, .,
and reactive component 4y, 1, -

than the common component in the inductor current. There-
fore, the dc voltages will be imbalance when the system current
magnitude is larger than its critical point

IS ~N- (24)

Moreover, in the steady state, the power flowing into dc ca-
pacitor P,.;., which is equal to the power loss of the dc capacitor
C}. in steady state, generally is much less than the resistive losses
in the H-bridge converter, and therefore the critical point of the
inductor current magnitude shown in (23) will be much less than
the inductor current rating. Consequently, the operation range
of the series injector with existing control scheme is seriously
restricted.

IV. ENHANCED CONTROL SCHEME

To tackle the aforementioned issue in existing control scheme,
this paper proposes an enhanced control scheme to balance the
dc voltages in the full system current range for PHB-based series
injector.

A. Basic Principle

As mentioned above, in the existing scheme, the inductor
currents are in phase with the system current and inductor cur-
rent magnitudes are trimmed to redistribute the active powers
among H-bridge converters for balancing their dc voltages, and
their phasors can be presented in Fig. 6(a). Thus the dc volt-
age balancing control is tightly coupled with the system current
magnitude, and the derivative of the dc power with respect to
the inductor current magnitude will be negative when the system
current magnitude exceeds the critical point.

In order to decouple the dc voltage balancing control from
the system current magnitude, reactive circulating currents are
introduced among H-bridge converters for balancing their dc
voltages in the proposed scheme, where the phasors of inductor
currents and output voltage are presented in Fig. 6(b). The in-
ductor current of each H-bridge converter consists of the active
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Fig. 7. Inner structures of (a) ac voltage control and (b) dc voltage balancing
control in the proposed scheme.

component i, and the reactive component ¢7,,. The active
components of the inductor currents are in phase with the system
current and share identical magnitude. The reactive components
of the inductor currents lag or lead the system current by 90°,
and their sum is zero according to Kirchhoff’s current law. Fur-
thermore, a reactive component v¢, is injected into the output
voltage for achieving redistribution of active power among H-
bridge converters.

Therefore, the interaction between the active component of
inductor current and the active component of output voltage
will product identical active power in each H-bridge converter.
Meanwhile, the interaction between the reactive components of
inductor currents and the reactive component of output voltage
will also generate active powers, and thus the active power
absorbed by H-bridge converters will be slightly redistributed.
Consequently, the amount of redistribution active power can
be regulated by trimming the reactive components of inductor
currents ¢y, ;-

B. Control Block Diagram

Based on the basic principle of the enhanced control scheme,
the ac voltage control and the dc voltage balancing control in
existing scheme should be improved, and their block diagrams
in the proposed control scheme are presented in Fig. 7.

Compared to existing ac voltage control shown in Fig. 3(b),
the instantaneous output voltage reference v, of the proposed
scheme is enhanced by adding an additional part, i.e., the re-
active component, whose magnitude v, is fixed and will be
designed in the following part of this paper.

In the PHB-based series injector, the dc voltage balancing
control is realized by trimming the inductor currents of each
H-bridge converter. In the existing dc voltage balancing control
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scheme, the inductor current of each H-bridge converter is al-
ways in phase with the output voltage, and their inductor current
magnitudes are trimmed based on their dc voltage. In the pro-
posed dc voltage balancing control, the output of each trimming
regulator Gyp¢ is multiplied by the cosine value of the phase
angle 0, and thus the generated trimming component references
17 45 are orthogonal to the system current.

C. Performance Analysis

Since the frequency of introduced reactive component in the
output voltage reference is much lower than the bandwidth of ac
voltage loop, the instantaneous output voltage can be expressed
in (25), where V¢, is equal to reactive component magnitude
reference v, . It is worth noting that the overall active power
absorbed by the whole series injector is not changed by this re-
active component of the output voltage, and the original overall
dc voltage loop is not impacted

ve = Vopmsin 4+ Vg cos 0. (25)

Then the inductor current of each H-bridge converter, con-
sisting of the common component and the trimming component,
can be presented in (26). Similar to the existing control scheme,
the common component of the inductor current in the proposed
control scheme is in phase with the system current, and its
magnitude is expressed in (27). Besides, the inductor current
magnitude is expressed in (28)

= ’LESlDe + ide = ILkpmSine + Iqumcose (26)
I‘m

ILk:pm = 67 27)

ILkm = \/m (28)

Combining (25) and (26), the absorbed active power of each
H-bridge converter can be derived and presented in (29). It
can be found that the active power is composed by two parts,
and the first part is introduced by the active component of the
output voltage and the common part of the inductor current,
which is identical to each other. The second part is caused by
the interaction between the reactive component of the output
voltage and the trimming part of the inductor current, and it
is obvious that the sum of these second parts among all H-
bridge converters will be zero. Therefore, the active power can
be redistributed among H-bridge converters by trimming the
reactive components of inductor currents

27

P, = % o UCiLkde = %VCp'm,ILkpm + %VCququm'
(29)
Then power losses of the inductor and H-bridge in the pro-
posed scheme can be obtained by substituting (28) into (7) and

(17) separately. Furthermore, the active power flowing into dc
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capacitors in each H-bridge converter can be derived by comb-
ing (29) and (3), which is presented in (30).

1 1
Pdck = ivCmeLkpm + §VCqm Iqum
g (I kpm + Tirgm)
2 Lk \*Lkpm Lkqm

2 2
— Mg \/ ILkpm + Iqum

- MBkQ (I%kpm + I%k‘{]m) °

Since the reactive component magnitude of the inductor cur-
rent is trimmed in dc voltage balancing control of proposed
scheme, it is necessary to investigate the impact of its reac-
tive component magnitude variation on the dc power variation,
which can be mathematically represented by the derivative of
the dc power with respect to the reactive component magnitude
of the inductor current. This derivative can be obtained from
(30), which is presented in (31). Since the reactive component
of the inductor current is just used to slightly redistribute the
active power among H-bridge converters, which is much less
than the active component of the inductor current, (31) can be
simplified as (32)

(30)

APde 1
At Veum — (Rip + 2Mp1a) Inkom

N 5"Ca (Rek + Br2) ILkg
MBkIIqum (3])
I%kpm + I%kqm

APje 1 Mpj

— = Voum — | R 2Mp;. Irkgm-

AIqum 2 c ( Lk o Lkpm L

(32)

In (32), it is obvious that the derivative is mainly dependent of
two factors, i.e., the reactive component magnitude of the output
voltage and the reactive component magnitude of the inductor
current, and it will increase with the first factor while decrease
with the second factor. In existing scheme, the derivative shown
in (22), associated with dc voltage balancing, is just determined
by system current magnitude and will be negative when the
system current is larger than the critical point presented in (23).
However, in the proposed scheme, the corresponding derivative,
presented in (32), can be kept positive if the reactive component
magnitude of the output voltage is large enough. Consequently,
the dc voltage balancing control in the proposed scheme is al-
ways negative feedback, and dc voltages can be balanced with
less impact from the system current magnitude.

Besides, in the proposed scheme, the output voltage is no
more in phase with the system current, and its phase angle
referring the system current can be expressed in (33), which
is determined by the reactive component magnitude and active
component magnitude of the output voltage

1 VCqm

pyc = tan (33)

Cpm ’
Similar to the existing scheme, the active component mag-

nitude Vi, is regulated by the overall dc voltage control
shown in Fig. 3(a), and it will decrease and then increase with
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the increase of system current magnitude according to (20).
Meanwhile, the reactive component magnitude of the output
voltage is fixed. Therefore, with the increase of system current
magnitude, the phase angle of output voltage ¢ will increase
and then decrease.

During impedance measurement, the perturbation voltage
with the magnitude of V},,,, is injected, and the output voltage
of series injector can be expressed as follows:

vo = Vepmsin (27 fot + 6y) + Viogm cos (27 fot + 6))

+ Vomsin 2rfiyt + ) (34)
where f), is the perturbation frequency. It is obvious that being
the same as the active component, the reactive component in-
jected into the output voltage is always frequency independent
of the perturbation component, and thus the impedance mea-
sured at f,, will be less impacted by the reactive component of
the output voltage.

V. PARAMETER DESIGN

In the proposed scheme, the reactive component magnitude of
output voltage must be large enough to make the derivative of the
dc power with respect to the reactive component magnitude of
inductor current be positive. However, if this reactive component
magnitude is extremely large, extra voltage stress on the devices
of the H-bridge converter will happen and the operation point of
the load will be seriously influenced. Therefore, the reference of
reactive component magnitude v, in output voltage should
be designed properly.

A. Modeling of H-Bridge Converter Variance

As mentioned above, the absorbed active power of each H-
bridge converter shown in (29) consists of two parts. The first
part of each converter is identical to the one of each other, while
the second part is used to compensate power loss differences
among converters caused by the converter variances. Therefore,
the average value of absorbed active power among all converters
can be presented in the following equation:

- _— R _ _
Pr =Py + TLI%kpm + MBlekpm + MB?I%k:p'm

1

= §VCmeLkpm (35)

where

L X
Py = N ; Pyer

L X
Ry = ﬁ};RM

~
1
Mp, = N ]; Mg

N
1
Mpsy = N ]; Mpjo.

Defining the overall variance factor for the kth H-bridge con-
verter as vy, its active power absorbed can be expressed in the
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following equation:
Py, = (14 ) Pr.

It is obvious that the overall variance factor is a weighted
average on the variance factors of devices, and the relationship
among them can be presented in the following equation:

(36)

Ry 72

Ve = % “Ydek + 2 Pilkpm "Lk + 7MB%]€W *YBk1
T2
+ MBQ;IMW VB2 (37)
where

Vdek = Dick 1
Py

YLk = A 1
Ry

YBE1 = Mpir 1
Mg,

VBk2 = Mpez L.
Mg

Therefore, as shown in (37), the overall variance factor ~;
must be between the minimum value and the maximum value
among variance factors of devices. The variance factors of de-
vices can be calculated based on their parameter tolerances, and
thus it is convenient to estimate the overall variance factor 7y, in
the following equation:

min {Yack, Yok, YBR1, YBR2} < Vi

< max {Yick, YLk, VBk1, VBE2 } - (38)

B. Design Criterion

It is supposed the converter variance factor is given, and then
the operation points of reactive component magnitude in both
output voltage and inductor current with given system current
can be obtained by combining (26) and (35), which is presented
in (39). Therefore, the reactive component magnitude of output
voltage decreases with the reactive component magnitude of the
inductor current, and the operation trace is presented in Fig. 8.
With the increase of system current, i.e., the active component
magnitude of inductor current Iy, the trace will move up
since the average active power absorbed by the H-bridge con-
verter raises

2% Pr
Iqum

VCqm = (39)

Even though the power loss difference caused by the converter
variance can be compensated by the active power introduced by
the reactive components of the output voltage and inductor cur-
rent, which are presented by each point on the operation trace,
the dc voltage balance is not guaranteed. Then the dc voltage
balancing boundary under different system current is presented
in Fig. 8 by setting the derivation shown in (32) to zero. It can
be found that there is an intersection between the original op-
erating trace and the dc voltage balancing boundary, and thus
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Fig. 8. Boundary deduction for the reactive component magnitude of the
output voltage, where solid lines and dot dash lines present the operation trace
and the dc voltage balancing boundary separately under four cases with the
different active component magnitude of the inductor current. The intersection
between the operation trace and the dc voltage balancing boundary sets the
boundary for the reactive component magnitude of the output voltage.

the operation trace is divided into two parts, i.e., left part and
right part. It is obvious that the points at the left part of the
operation trace will make the derivative of the dc power with
respect to the reactive component magnitude of inductor cur-
rent be positive and the dc voltages are balanced. Therefore, to
keep the dc voltages balance, the operation point of the reactive
component magnitude of output voltage must be larger than its
boundary presented by the intersection point in Fig. 8. Besides,
the boundary of the reactive component magnitude of the output
voltage can be calculated out by combining (32) and (39), which
is expressed in the following equation:

- P,
Vi = 23 || (Ri + 2Mps2) - Pr + My - .
pm

(40)

In Fig. 8, it can also be observed that the location of the inter-
section moves with the active component magnitude of inductor
current Iz;,,, and thus the boundary of the reactive compo-
nent magnitude of output voltage Vé}qm is varied. According

to (35), the average active power P increases rapidly with the
active component magnitude of the inductor current. Therefore,
as shown in Fig. 9, the boundary of the reactive component
magnitude of output voltage VCqu will decrease and then in-
crease with the active component magnitude of the inductor
current. It reaches the peak value VCB q(,l,l;ax) under the condition
of maximum active component magnitude of inductor current
I1kpm (max)» 1-€., the condition of the maximum system current.

Eventually, in order to guarantee the derivative shown in
(32) be positive under full system current range, the reference
of the reactive component magnitude of output voltage v,
must always be larger than the boundary shown in (40). And
this requirement can be met if it is larger than the boundary
vy ;::ax) under maximum system current. Therefore, v, can
be designed in (41), where the maximum average active power
Pr(max) can be calculated out by substituting the maximum
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Fig. 9. Variation of the reactive component magnitude boundary of output

voltage VCB am with the active component magnitude of inductor current I, 1., -

active component magnitude of inductor current Iz, (max)
into (35)

(RLk + 2MBk2) . PI(max)

Pr(max)
I kpm (max)

Vegm > 24k 41)

+ Mpy -

In summary, to keep dc voltages balance under full system
current range, the reference of the reactive component magni-
tude of the output voltage v, in the proposed control scheme
can be designed according to the overall converter variance fac-
tor, the parameters of devices and the maximum system current
magnitude.

VI. SIMULATION AND EXPERIMENTAL RESULTS

To verify the imbalance mechanism of dc voltages in the
existing scheme and investigate the feasibility of the proposed
scheme, both simulation and experiment have been performed.

A. Simulation Results

A PHB-based series injector composed of three H-bridge con-
verters is a simulation in SABER. The system configuration can
be presented in Fig. 1, while the output terminal of the series in-
jector is connected to a current sink denoting the system current.
In the simulation, the voltage drop and switching transient of
power semiconductor devices are neglected for simplification,
and the power losses of H-bridge converter are just introduced
by the ESR of ac inductor Ry and the equivalent parallel re-
sistance (EPR) of dc capacitor R.;. Parameters of PHB in the
simulation are listed in Table I. Moreover, variance factors of
Ry and Ry are set to 3%, 0, and —3%, respectively.

Substituting corresponding parameters in Table I into (24), the
critical point of system current magnitude / gm can be calculated
out, which is 17.4 A. It means that the dc voltages will be
imbalance when the system current magnitude is larger than
17.4 A. Then the PHB-based series injector with an existing
scheme is simulated under different system current magnitudes,
and the simulation results are shown in Fig. 10. In Fig. 10(a), the
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Fig. 10.  Simulation waveforms of system current i g, , output voltage v and dc capacitor voltages v, in PHB with the existing scheme under (a) s, = 15A,

(b) Isym = 18 A, and (c) Ig,, = 30A.

TABLE I
PARAMETERS OF PHB-BASED SERIES INJECTOR IN THE SIMULATION

Symbol Description Value
Cy DC capacitor 16.4 mF
Ly AC inductor 0.66 mH
Ryc Average EPR of DC capacitor 10 kQ

R, Average ESR of AC inductor 100 mQ
C, AC capacitor 66 pF

Ve DC voltage reference 130V

Perturbation reference magnitude oV

system current magnitude is lower than its critical point, and dc
voltages should be balanced. It can be seen from the waveforms
of vy, that dc voltages are almost balanced, and their tiny steady
state errors are caused by the proportional compensator used in
the trimming regulator Gyp¢. In Fig. 10(b), the system current
magnitude is larger than its critical point, and dc voltages will be
imbalance. It can be observed that the maximum dc voltage error
is 10 V, and the dc voltage is not balanced obviously. Finally,
the system current magnitude is increased to 30 A, and it can
be found in Fig. 10(c) that the maximum dc voltage error is
enlarged to 90 V and serious distortion appears in the waveform
of the output voltage.

To further verify the accuracy of the critical point Igm, the
average EPR of dc capacitors is changed to 8 k€2, and the critical
point I§,, is increased to 19.5 A. Then the PHB-based series
injector with an existing scheme is simulated again and the sim-
ulation results are presented in Fig. 11. In Fig. 11(b), the system
current magnitude is lower than its critical point, and dc voltages
should be balanced. It can be seen from the waveforms of dc
voltages v, that the error is less than 2 V, and dc voltages are
almost balanced. In Fig. 11(c), the system current magnitude is
still larger than its critical point, and dc voltages will be imbal-
anced. This is demonstrated by waveforms of dc voltages with
maximum dc voltage error of 60 V. Consequently, the imbal-
ance mechanism analysis of dc voltages as well as the derived

critical point of system current magnitude in PHB with the ex-
isting scheme are verified. At last, the PHB with the proposed
scheme is simulated using the parameters listed in Table I. In
Fig. 12(a), the system current magnitude is set to 18 A, which
is identical to the one used in Fig. 10(b). However, there are
two major differences between the waveforms of Fig. 12(a) and
Fig. 10(b). First, the output voltage leads the system current
in Fig. 12(a) since the injected reactive component in output
voltage; second, the maximum dc voltage error in Fig. 12(a)
is around 2 V, which is much less than the one in Fig. 10(b).
Therefore, under the system current magnitude of 18 A, dc volt-
ages in the PHB with the existing scheme are imbalance while
they are balanced with the proposed scheme, and the feasible of
the proposed scheme is demonstrated. Then the system current
magnitude is increased to 30 A, and dc voltages are still bal-
anced even though the maximum dc voltage error increases a
little bit. This phenomenon is caused by the proportional com-
pensator used for trimming regulator Gy, and this dc voltage
error can be mitigated by reducing the output of the trimming
regulator through increasing the reactive component magnitude
of the output voltage. Thus, the reference of the reactive com-
ponent magnitude of the output voltage is increased to 0.5V,
and the maximum dc voltage error is reduced in Fig. 12(c).

B. Experimental Results

An experimental prototype of ac impedance measurement
setup consisting of a PHB-based series injector has been built
up which is shown in Fig. 13, where three H-bridge convert-
ers are covered. In each H-bridge converter, the power semi-
conductor switches are implemented by an intelligent power
module PM75CL1A120 from POWEREX. Besides, the in-
jector controller is implemented fully digitally by an MCU
TMS320C28343 from Texas Instruments. The configuration of
the overall experimental test system is shown in Fig. 14, where
the source subsystem and the load subsystem are implemented
by a programmable ac source and a resistor bank separately.
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Fig. 11.  Simulation waveforms of system current g, , output voltage v and dc capacitor voltages v, ;. in PHB with the existing scheme under (a) Ig,, = 15A,
(b) Ig,, = 18A, and (¢) Is,, = 30 A when the average EPR of dc capacitors is changed to 8 k(2.

30.0 4 30.0 4 30.0
g 15.0 4 @ 15.0 g 15.0
3 00 3 00 3 00
15.0 /WV\/\/\/ -15.0 | -15.0
-30.0 4 -30.0 4 -30.0
20 20 20
1.0 1.04 1.0
% 0.0 W\/\/\/\/ % 0.0 % 0.0
1.0 1.0 1.0
20 20 20
135.0 135.0 135.0
S 1300 S 13001 S 1300
K 3 3
125.0 . . . . 125.0 . ' . . 125.0 . . l .
3999 399.92 399.94 399.96 399.98 400.0 3999 399.92 399.94 399.96 399.98 400.0 399.9 399.92 399.94 399.96 399.98 400.0
i(s) t(s) t(s)
(a) (b) (c)

Fig.12.  Simulation waveforms of system current g, , output voltage v and dc capacitor voltages v, in PHB with the proposed scheme under (a) Is,, = 18 A,
v*cqm =02V, () Is,, =30A, v*cqm =0.2V,and (c) Ig,, = 30A, v*cqm =05V.
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Fig. 14.  Block diagram of the overall experimental test system.

The parameters of the PHB and the load subsystem are listed in
Table II.

Fig. 13.  Photograph of experimental impedance measurement setup prototype Accor.dlng to the parasmc. p arame_ter s of devices used in
consisting of a series injector paralleling three H-bridge converters. the H-bridge converter, the critical point of the system current
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TABLE II
PARAMETERS OF PHB-BASED SERIES INJECTOR AND LOAD SUBSYSTEM
IN THE EXPERIMENTAL TEST SYSTEM

Symbol Description Value
Cy DC capacitor 16.4 mF
L AC inductor 0.66 mH
C, AC capacitor 66 pF
R; Load resistor 3Q
fo Fundamental frequency 60 Hz
fs Switching frequency 10 kHz
Ve DC voltage reference 130 V

. Reference of reactive component
Vegm 2V

magnitude in output voltage
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Fig. 15.  Experimental waveforms of PHB-based series injector when Vg, =
40V, v,* = 0V under (a) existing control scheme and (b) proposed control
scheme: CHI, vg.1, 20 V/div; CH2, v4.9, 20 V/div; CH3, v, 10 V/div; CH4,
isa, 20 A/div; ¢, 5 ms/div.

magnitude Igm in the PHB with the existing scheme can be
estimated, which is around 22 A. Therefore, the dc voltages
will be imbalance in the PHB with the existing scheme when
the system current magnitude exceeds 22 A. Fig. 15 shows the
experimental results of the PHB with the existing scheme and
proposed scheme under the source voltage magnitude of 40 V.
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Fig. 16.  Experimental waveforms of PHB-based series injector when Vg, =

80V, v,* = 0V under (a) existing control scheme and (b) proposed control
scheme: CHI1, vg.1, 20 V/div; CH2, v,4.2, 20 V/div; CH3, v¢, 10 V/div; CH4,
isa, 20 A/div; ¢, 5 ms/div.

It can be seen in Fig. 15(a) that dc voltages vg.; and vg.o are
very close to their references of 130 V, and are balanced. In this
case, the system current magnitude is 13.3 A, which is lower
than its critical point, and thus dc voltages in the existing con-
trol scheme must be balanced based on the above analysis. The
experimental waveforms in the PHB with the proposed scheme
is shown in Fig. 15(b), and it can be found that output voltage
leads system current since the reactive component is injected in
output voltage. The dc voltages are also very close to their ref-
erence of 130 V and are balanced since the reference of reactive
component magnitude is larger than its boundary.

Then the source magnitude is increased to 80 V, and the ex-
perimental test results are presented in Fig. 16. In Fig. 16(a),
it can be seen that the difference between dc voltages v4.1
and vg.o is around 12 V, and dc voltages are imbalance ob-
viously. In this case, the system current magnitude is 26.7 A
approximately, which is larger than its critical point, and the
dc voltages must be imbalance since the positive feedback
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Fig. 17. Experimental waveforms of PHB-based series injector when source

voltage magnitude is transited from 60 V to 80 V under (a) existing control
scheme and (b) proposed control scheme: CHI1, vg.1, 20 V/div; CH2, v4.9,
20 V/div; CH3, vg.3, 20 V/div; CH4, ig, , 20 A/div; ¢, 2 s/div.

happens in the dc voltage balancing loop. However, in Fig. 16(b)
associated with the proposed scheme, dc voltages are still very
close to their reference and balance. Therefore, the feasible of
the proposed scheme for extending the operating range of the
system current is verified.

Fig. 17 presents the waveforms of PHB with the existing
scheme and proposed scheme when the source voltage mag-
nitude Vi, is transited from 60 to 80 V. It can be seen in
Fig. 17(a) that at beginning dc voltages are almost balanced,
and then dc voltage v4.; decreases while the other two dc volt-
ages slightly increase as soon as the system current magnitude
steps up. Since the system current magnitude steps from 20 to
26.7 A approximately, the dc voltage balancing loop transfers
from negative feedback to positive feedback, and the dc volt-
age balancing is broken. In Fig. 17(b), dc voltages are always
close to their reference during the step up transition of system
current magnitude, and the robust of the proposed scheme is
demonstrated. Besides, it can be observed in Figs. 15(b) and
16(b) that the phase angle between output voltage and system

. i
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Fig. 18. Experimental waveforms of PHB-based series injector with the pro-

posed scheme when Vg, =80V, v, =2V and (a) f, = 60.1Hz and

(b) fp = 1060Hz : CHI, vg.q, 20 V/div; CH2, v4.9, 20 V/div; CH3, vc,
10 V/div; CH4, ig, , 20 A/div; t, (a) 2 s/div, (b) 5 ms/div.

current ¢y increases from 17° to 22° approximately while
system current magnitude increases from 13.3 to 26.7 A, be-
cause the active component magnitude of the output voltage is
reduced.

Fig. 18 shows the waveforms of the series injector inject-
ing perturbation voltage into the system for measuring the
impedance with the proposed scheme, where the perturbation
voltage magnitude reference is set to 2 V. In Fig. 18(a), the per-
turbation frequency is 60.1 Hz for measuring the impedance at
0.1 Hz [9]. It can be seen that there are fluctuations of 0.1 Hz
in dc voltages due to the interactions between the perturba-
tion voltage and the inductor currents, while the dc voltages
are always balanced during the fluctuation. In Fig. 18(b), the
perturbation frequency is set to 1060 Hz for measuring the
impedance at 1 kHz. It can be observed that dc voltages are
balanced during the perturbation injection. Consequently, the
feasibility of the proposed dc voltage balancing scheme for
the series injector in ac impedance measurement application is
demonstrated.
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VII. CONCLUSION

A transformerless series injector based on PHB for ac
impedance measurement is studied in this paper. The imbalance
mechanism of dc voltages in the existing control scheme is
analyzed, and it reveals that a positive feedback appears in the
dc voltage balancing loop when the system current magnitude
exceeds a critical point which is just determined by the power
losses characteristics of H-bridge converter. Furthermore, an
enhanced control scheme is proposed to make the PHB operate
safely in full system current range by introducing both reactive
components in output voltage and reactive circulating current
among H-bridge converters for redistributing active power. It
also proves that dc voltages of PHB can be balanced during full
system current range with a properly designed reactive compo-
nent magnitude of the output voltage in the proposed scheme.

The imbalance mechanism of dc voltages in the existing
scheme and the feasibility of the proposed scheme are demon-
strated by both simulation and experimental results. The pro-
posed control scheme extends the system current capability
of PHB and will be attractive in ac impedance measurement
applications.

APPENDIX

The power losses of power semiconductor devices in the H-
bridge converter are derived in this part.

First, the terminal voltage of the H-bridge vy, in Fig. 4 can
be expressed in the following equation:

vBkr = VBrmsin (¢ — @) . (A.D

Then the duty cycle of the diode Dy and the IGBT T, can be
obtained, which are presented in the following equations:

1 VBkm .
dpy = = + 2km - A2
D1 =5+ ST (o —¢o) (A2)
1 VBkm .
dryg = = — —— — . A3
T2 =5 T sin (¢ — o) (A.3)

Thus the conduction losses and switching losses of the diode
and IGBT are estimated based on the loss models of the devices
shown in (9)—(13), and they are expressed as follows:

™

Peon.p1 = o (Vi + Rarirk) -irk - dpi - dp  (A4)
0
1 T . .
Pcon,TZ - 27 (V; + R(:(’,ZLk) ULk dT2 : dSD (AS)
™ Jo
fs /ﬂ . Vdck
Pew = 5 Arec c -d A6
D1 = 5 | ik Vieos (A.6)
fs /ﬂ . Vdck
Pw) - T A(m Ao ‘ .t ~dop . A7
swrz = o0 | (Aon + Aosr)iLk Vi d¢ (A7)

Finally, the total power losses of all diodes and IGBTs in
H-bridge converter can be calculated by the following equation:

PBk =4- (R:un,Dl + Pcon,T? + Psur,Dl + Ps’w7T2) . (A8)
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