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A Comprehensive Harmonic Analysis and Control
Strategy for Improved Input Power Quality in a
Cascaded Modular Solid State Transformer
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Merlin Chai

Abstract—In a three-stage cascaded modular solid state trans-
former (CMSST), unbalanced dc bus voltages at the output of
cascaded multilevel rectifier is a common issue due to inevitable
parameter mismatch in stage-2. To balance the dc bus voltages,
either voltage balance control (VBC) in stage-1 or power balance
control (PBC) in stage-2 is necessary. In this paper, an in-depth
theoretical analysis to investigate the input power quality of the
CMSST in the presence of voltage and PBC schemes is presented.
The grid-side multilevel voltage of the CMSST is analyzed to high-
light the limitation of using VBC in stage-1. It is then mathemati-
cally proven that the switching frequency based harmonics in the
grid current are significantly reduced by using the PBC in stage-2.
Simulation studies of a 3.3-kV, 50-kVA CMSST are carried out
using the PLECS software to substantiate the proposed analysis.
Experimental verifications are performed on a 750-VA single-phase
CMSST laboratory prototype for a 20% parameter mismatch in
stage-2. It is found that the grid current total harmonic distortion
(THD) is reduced from 6.65 % to 3.8 % at 50 % load by using PBC in
stage-2. This paper provides guidelines for the designer to choose
appropriate balance controllers for the CMSST.

Index Terms—Cascaded multilevel rectifier, power balance
control (PBC), power electronic transformer, smart grid, solid state
transformer (SST), voltage balance control (VBC).

I. INTRODUCTION

LARGE penetration of intermittent renewable energy re-
A sources (RES) and fast charging electric vehicles (EV)
have opened a new set of challenges in terms of voltage reg-
ulation, stability, etc., in the power distribution network with
current infrastructure [1]. The future power distribution net-
work can be divided into interconnections of small clusters of
distributed sources and loads called microgrids [2], [3]. Each
microgrid is connected to other microgrids or the main grid
through an energy control center [4]. The basic functionalities
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of such interconnecting elements are to control active and reac-
tive power flow and information exchange between various mi-
crogrids, connect and disconnect the microgrid from rest of the
power network, regulate the microgrid voltage and frequency,
and provision for low-voltage (LV) dc (LVDC) network to inter-
connect RESs and EVs. A power electronic based distribution
transformer called ““solid state transformer (SST)” is a suitable
way of realizing the interconnecting elements.

Several SST topologies have been proposed in literature
[5]-[10]. Among them, a three-stage cascaded modular SST
(CMSST) as shown in Fig. 1 has been widely studied due to
its modularity, ability to control active and reactive power flow
bidirectionally, provision for medium voltage dc (MVDC) and
LVDC bus to integrate distributed energy storage (DES) and
dc loads, and high-frequency galvanic isolation [11]. A single-
stage SST offers superior efficiency and power density com-
pared to a three-stage CMSST, but it is not possible to provide
ancillary services such as reactive power compensation, LVDC
bus to interface distributed energy resources (DER) and dc
loads [8].

Asshownin Fig. 1, a cascaded multilevel rectifier is employed
in stage-1 to convert the medium voltage ac (MVAC) to MVDC.
The advantages of cascaded multilevel rectifier are low grid-side
filter requirement, low-switching frequency of each module, no
need for additional clamping diodes or voltage balancing capac-
itors, and improved reliability due to the provision for redundant
module [12]-[14]. The choice of number of levels, modulation
strategy, and switching frequency are three important factors that
decide the performance of the front-end multilevel converter in
an SST. Two popular modulation schemes for cascaded multi-
level rectifier are level-shifted pulsewidth modulation (PWM)
and phase-shifted PWM [15], [16]. Uneven power distribution
among the H-bridges of multilevel rectifier is a common issue
in level-shifted PWM. Although, additional power balancing
strategies in the form of modified level-shifted PWMs have
been proposed, the modifications are too complex to implement
[17], [18]. Due to inherent property of uniform power distribu-
tion among the H-bridges, the phase-shifted PWM is preferred
in stage-1 of the CMSST [19]. The efficiency versus power
density n-p-Pareto optimization of the front-end multilevel con-
verter for interfacing to a 10 kV MVAC grid has revealed that
significant gains in power density and efficiency can be achieved
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Fig. 1. Three-stage CMSST.

by using LV devices (1200/1700 V) operating at low-switching
frequency (fs; < 2 kHz) [20], [21]. Stage-2 of the CMSST is
implemented using a high-frequency isolated dual active bridge
(DAB) dc—dc converter to convert the MVDC to LVDC. The
advantages of DAB are its simple hardware construction and
control, and minimum number of passive elements compared
to other isolated dc—dc converters [22]-[25]. A B-6 two-level
inverter topology is used in stage-3 to convert the LVDC to LV
AC of the desired frequency [26], [27].

Even though the design and control of individual power elec-
tronic conversion stages in SST have been well researched, there
are few challenges both at the component level (for e.g., design
and testing of medium frequency transformer with high-voltage
insulation [28]-[31]) as well as at the system level, which are
control and power quality issues [32], [33]. Unlike the conven-
tional passive transformer, an SST introduces additional switch-
ing harmonics into the MVAC grid if the SST is not modulated
properly. All H-bridges in stage-1 of the SST are fed from a
single MVAC grid voltage and the MVDC output voltage of
each H-bridge is controlled by the input grid current and mod-
ulation index. It is difficult to design and fabricate identical
high-frequency transformers and series inductors for stage-2.
As aresult, each isolation stage draws unequal power from each
H-bridge [34]. Any load unbalance at the output of this stage can
lead to unbalanced MVDC voltages across each H-bridge, which
not only increases the voltage stress across the active devices,
but also increases the total harmonic distortion (THD) of the grid
current.

Several voltage balancing schemes have been proposed to
balance the MVDC bus voltages of the SST. The individual
voltage balance controllers (VBCs) [35], [36] as well as clus-
ter balancing control (which ensures equal power in all the
three phases of the cascaded H-bridge) [35] are introduced in
stage-1 to ensure equal MVDC bus voltages despite the power
unbalance due to parameter mismatch in the isolation stage.
Moreover, a simple master-slave control has been introduced
to regulate the LVDC bus voltage of the isolation stage, which
alleviates the computational burden on the controller in stage-2

[35], [36]. Despite the simplicity of the above control schemes,
introducing additional PI-based voltages balance controllers in
stage-1 have created a compromise between the fast dynamic
response and system stability. In [37], the space vector based
modulation has been introduced in stage-1 to control the power
factor of input current as well as balance the dc bus voltages.
In summary, the control schemes presented in [35]-[39] are de-
signed to adjust the modulation index of each H-bridge such
that the output voltages are balanced despite the parameter mis-
match in the isolation stage. The quoted advantage of such
control is that the control complexity on stage-2 controller is
reduced by implementing the VBC in stage-1. Alternatively,
the power balance control (PBC) schemes can be incorporated
in the isolation stage to adjust power flow through each DAB
such that the load seen by each H-bridge in stage-1 is balanced
[40]-[42]. It has been shown in [43] that implementing the PBC
in stage-2 offers superior transient response compared to the
VBCs in stage-1. However, the effect of these control schemes
[35]-[43] on the harmonic performance of input current has
not been analyzed in the literature. Moreover, the switching
frequency is also not closer to the optimal operating points as
discussed above [20], [21].

In this paper, the harmonic performance of the grid current is
analyzed for various MVDC voltage balance schemes proposed
in the literature for SST. Special emphasis is given to analyze
various switching frequency based harmonic components in the
multilevel waveform with the two approaches: 1) power bal-
ancing control implemented in stage-2 [40]—-[42] and 2) voltage
balancing control implemented in stage-1 [35]-[39]. The pre-
sented analysis would help the designer choose an appropriate
balance controller for the CMSST. Rest of the paper is organized
as follows. A brief overview of the three-stage CMSST and re-
quired average models are presented in Section II. The switching
frequency based harmonic components in the multilevel wave-
form of the CMSST are derived for the above mentioned two
cases in Section I1I. Simulation and experimental results are pre-
sented in Section IV to validate the analysis. Finally, Section V
concludes the paper.
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Fig. 2. First and second stages (i.e., cascaded multilevel rectifier stage and

isolation stage) of the three-stage CMSST.

II. THREE-STAGE CMSST

The three-stage CMSST is the most suitable architecture for
distribution grid applications as it has not only a stiff dc port
to integrate DES and DER, but also the capability to regulate
real and reactive power flows at the MV grid and the LV grid.
Additionally, the stiff dc ports act as an energy buffer to decouple
the effect of MV side disturbances on the LV side and vice versa.
It consists of a cascaded multilevel rectifier in stage-1, followed
by an isolation stage, and finally an inverter stage to convert dc
to three phase ac. The third stage of the CMSST is omitted in
the discussions from now on as it does not affect the analysis
presented in this paper. The first and second stages of a three-
stage seven level CMSST is shown in Fig. 2.

Balancing dc bus voltages at the output of stage-1 is one of
the major challenges in the CMSST topology. To understand
the voltage balancing issues in this topology, it is necessary
to understand how the average power is being shared at the
isolation stage. For better understanding of power sharing at the
isolation stage and its effects on stage-1, the average model of
the CMSST as shown in Fig. 3 is considered, and various factors
that affect the power sharing are analyzed. Assuming that the
cascaded multilevel rectifier is operated with a modulation index
Mgy, Wheren = 1,2, and 3, for a particular grid current (¢, ), the
rectifier output current is m,,, ¢,. Under steady-state operation,
the rectifier output current (1m1,) is equal to the DAB input
current (ip, ). For any given input current, 4., the dc voltage at
the output of stage-1 (V},1,,) is decided by the difference in the
rectifier current m,,, %, and DAB input current 7p,,

mani.{] - iDTL
Ch,fn
Vnhf1 + Unf2 + Unys
3 .

Uh fn (t) = I: :|t+ < ‘/h,f >
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Fig. 3. Simplified average model of the first and second stages (i.e., cascaded
multilevel rectifier and isolation stages) of the CMSST.

When the currents drawn by the isolation stages (ip1, 2 p2, and
1p3) are equal, the dc voltages at the output of stage-1 (v, s1,
Unf2, and vy, r3) are equal, assuming Cj,p, are equal. This sce-
nario is possible only when all the isolation stages are perfectly
identical, which is not feasible in practice especially due to the
mismatch in series inductor values and high-frequency isolation
transformers. The isolation stage (DAB) can be modeled using
gyrator model as follows [44]:

1Dn _ 0 g Uhfn
IDABn g 0 vy

no(m — ¢)
271-2 fdes

where L is the series inductor of the transformer; fs; is the
switching frequency of the DAB; ¢ is the phase shift between
the primary and secondary voltages of the DAB that acts as a
control parameter to adjust the power transfer in DAB; and g is
the gyrator constant. The power transferred by the DAB is given
as follows [44]:

where, ¢ = (2)

nv}zfn Wf¢(W B ¢)
2m? fsd Ls '
Considering € as the magnitude of uncertainties in the param-
eters of the isolation stage (i.e., series inductors and leakage
inductance of high-frequency transformers), power delivered by
the DAB stage for such parameter mismatch is given as follows:

n‘/}zvf'n ‘/lf ¢(7T — ¢)

P = g‘/hfn‘/lf = (3)

P =
272 foq(Ls + €) @)
~ n‘/hfn‘/lfd)(ﬂ - ¢) (1 F i + i)
27T2f5dL5 Ls Lz '

Assuming other parameters as constant, the normalized power
delivered by the DAB for a maximum parameter mismatch of
20% is shown in Fig. 4

[€min, €max] € [—0.2L4,0.2L,].
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When all the DABs are controlled with the same phase shift
(¢), the DAB with the highest series inductance value [i.e.,
(Ls + €max)] transfers less power from the MVDC bus (V},,,) to
the LVDC bus (V) compared to the other DABs. In the case
considered in Fig. 4, DAB3 transfers less power compared to
DAB2 and DABI1 at any phase shift (¢). As a result, the current
drawn by DAB3 (ip3) from the dc bus capacitor Cj 3 also
decreases. The output voltages of the H-bridges in stage-1 are
as follows:

[Mg1ig — ip1 ]
Uhf1 (t) = MC'/TIDI t+ <‘/;Lf >
_m Qi — iDQ-
Vh f2 (t) = % t+ < ‘/hf> 5)
3 i
[Ma3i, — ip3 |
vnf3(t) = 7‘1309] 5 D3\t < Viy>
1) J

Under steady-state operation, as ips < tp2 < ip; in Fig. 4,
for any given input current (4,) and modulation index of stage-
1 (mg1 = Mmg2 = My3 = m,), dc bus voltages are having the
relationship: Vi, 3 > V2 > Vg1

The unbalanced voltage not only increases the voltage stress
across the active devices, but also it may eventually cause the
device failure if the voltage increases above the absolute maxi-
mum rating of the devices. Also, equal power sharing between
various DABs is desirable especially in SST applications as it
results in uniform thermal loading on all active devices. Nonuni-
form thermal loading may cause the active devices to age faster
or fail even before the maintenance period. Keeping in mind
the high reliability requirements for SST at distribution level
for grid applications, the device failure in any case should be
avoided. In this regard, the voltage and PBCs for the three-stage
CMSST have been proposed to balance the individual dc bus
voltages and detailed analysis is presented in Section III.

III. VOLTAGE AND PBCS FOR THREE-STAGE CMSST

As discussed in Section II, a balance controller is necessary
to balance the dc output voltages of each H-bridge in the first
stage of the three-stage CMSST. Such a balance controller can
be incorporated either in stage-1, i.e., cascaded multilevel rec-
tifier (referred to as the VBC) or in stage-2, i.e., isolation stage
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Fig. 5. VBC incorporated in stage-1 of SST.
(referred to as the PBC). In this section, the pros and cons of
implementing the balance control in both the stages are studied
to standardize the control objectives.

A. VBC in Stage-1

VBC can be incorporated in stage-1 as shown in Fig. 5. The
dc bus controller for multilevel rectifier generates necessary ac-
tive power reference to maintain the average of all capacitors
voltages, i.e., ((vj, 1+vy, f2+vp £3)/3) as close as possible to the
reference voltage (Vhff), whereas the reactive power reference
(iy) is provided by the grid operator. However, this does not
guarantee equal voltages across all capacitors. Therefore, ad-
ditional terms (Am,1, Amy,o, and Am,3) from the individual
VBC:s are added to the common modulation index (m, ) gener-
ated by the current controller to maintain each capacitor voltage
at the reference value [35]-[38]

_ LA A
onpi(t) = (M gf“)lf’ DL < V>
L hfl |
[ a A a '( —1 |
vpp2(t) = (e + gb 2)iy — ip2 t+< Viy>  (6)
i hf2 l
[ a A a: g — D3 |
vpr3(t) = (ma + g 3)iy ~ ip3 < V>
L hf3 |

The additional modulation terms (Amy1, Am,a,and Am,3) are
adjusted by the VBC as shown in Fig. 5 such that the following
are satisfied

malig —ip1 = (ma + A'rnal)ig —ip1 ~0
Ma2ty — ip2 = (Mq + Amg)iyg —ips =0 @)

ma3ig —ipg = (ma + Amag)ig —1ip3 =~ 0.
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When (7) is ensured, all the MVDC bus voltages converge to
‘/h*f’ i.e., Upf1 = Upfo2 N Upf3 = Vh*f In Flg 5, Amnl s Amng,
and Am,,3 are given as follows:

Amy, Am,
Amn1:1+ ml;A n2 =1+ m2
Mg mg
Am,
Amyy = 1+ =3 ®)
mg

According to [35]-[39], the major advantage with the VBC
in stage-1 is that it reduces the control complexity in stage-
2. As shown in Fig. 5, a simple voltage controller can control
the phase shift (¢) for all the de—dc converters. However, the
effect of balance controller on the harmonic profile is neglected.
Therefore, special emphasis is given to the individual switching
harmonics in this section.

1) Harmonic Analysis: The effect of VBC on the grid cur-
rent can be understood by analyzing the Fourier transform of
the pole-to-pole voltage (v,;) of stage-1 of the CMSST. The
approach followed here for deriving the Fourier transform is as
follows: first the Fourier transform of pole-to-pole voltage of in-
dividual H-Bridges is obtained, and later the individual Fourier
transforms are added to find the Fourier transform of multilevel
converter. In this case, the modulation signals are modeled as
follows:

M1 = M cos (wyt); maa = Ms cos (wyt);
Mq3 = M; cos (wyt) 9)

where w; is the grid fundamental angular frequency in rad/sec.
In a unipolar sinusoidal PWM, the odd-order switching harmon-
ics along with the respective sidebands are zero. The switching
frequency based harmonic component of a (2N + 1)-level cas-
caded H-bridge (/N-modules cascaded) is as follows [45]

V2m sh (t) =

[o.¢]

4Vd(’

Z Z 7(:05 (m+1—1)m ]ZJ(%,U(WMS)
m= 1lffoc
2 -1
X COS [2mwct + (2l — Dwyt + m(sN)w]

(10)

where m is the carrier frequency index; / is the side-band index;
and J is the Bessel function, which can be evaluated using
MATLAB. For a seven-level cascaded H-bridge, i.e., N = 3,
the second-, fourth-, and sixth-order switching harmonics along
with their side bands (viz., vay, (1), V455 (t), and vy, (t)) can be
obtained by evaluating (10) for m = 1, 2, and 3, respectively

Vosh (t) =

2Vie
™

o0

Z cos (lw){Jl(le) cos [2wet + (21— 1wyt

l=—00

2
+ J_1 (7w My) cos [2%75 + (20— Nwyt + ;] + J_1 (M)

4
X cos {cht + (20 = Dwyt + ;] } (11)
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V4sh (t) -

Vie

™

Z cos[(l+ 1) {J1(27TM1) cos [dwt + (21— 1wyt

—00

4
+ J_1 (27 M) cos {4%25 + (20 — Dwyt + 3 ] + J_1 (27 M3)

X COS {4wct + (2l — Dwyt + 2;} } (12)
V6sh (t) =
4Vpe =
- Z;DO cos [(I + 2)] cos [6w.t + (20 — D)wyt]
X {J,1(37TM1)+J71(37TM2)+J71(37TM3)}. (13)

In an ideal seven-level multilevel converter with phase-shifted
carrier modulation

0, ifm <3

2Vie \®
- ZlZim cos [(I 4 2)7] x
cos 6wt + (21 — Vwyt] J_1 (37 M),

Umsh (t) -

ifm = 3.

(14)
To generalize, for an ideal multilevel rectifier with IV cascaded
H-bridges, i.e., (2N + 1) levels, the first switching frequency
based harmonics are centered at (2/V) times the switching fre-
quency of each H-bridge when a phase-shifted carrier modula-
tion is adopted.

In case of the seven-level converter shown in Fig. 2, ide-
ally, the first switching frequency based harmonic component
should be centered at six times the switching frequency of each
H-bridge, given by (13). However, in a three-stage CMSST,
when the VBCs are implemented in stage-1, the modulation
indices of all H-bridges are not equal (i.e., M; # My # M3).
As a result, the second and fourth switching frequency based
harmonics given by (11) and (12) are nonzero. For a seven-level
CMSST

non-zero, ifm <3
4V, o0
o Zl:_oo cos[(l + 2)m|x
Vman(t) = 4 O [6wet + (20 — 1)wyt] x (15)
{J_l (37TM1) +Jq (37TM2)+
J_q (37rM3)}, ifm = 3.

It can be understood from (14) and (15) that additional switch-
ing harmonics are visible in the harmonic spectrum when the
VBCs are implemented in stage-1 of the CMSST. Therefore, the
VBC in stage-1 nullifies the advantages of multilevel converter
by introducing additional switching harmonics up to (2V)th
switching harmonic.
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B. PBC in Stage-2

PBC can be incorporated in stage-2 of the CMSST, i.e., DAB
stage as shown in Fig. 6. As mentioned earlier and as shown in
Fig. 6, the dc bus controller in stage-1 generates the necessary
active power reference (7)), to maintain the average of all the
capacitors voltages as close as possible to the reference volt-
age (V) ) But, this does not guarantee equal voltages across
all capacitors. As shown in Fig. 6, the dc bus voltages at the
output of stage-1 are balanced by introducing PBCs in stage-2
[40]-[42]. The PBCs add additional terms, viz., A¢q, A¢s, and
A¢s to the phase shift (¢) generated by the LVDC controller.

_ b 2
’I’L‘/hfnw,f ¢k¢n (71' ¢er) (1 T Li + ‘22>7
s s (16)

27T2fdes
where ¢, = ¢+ Aoy,

Pn -

These additional terms (A¢q, Ao, and Ags) help to maintain
equal power transfer through all DABs, which in turn ensures
equal DAB input currents, i.e.,ip1 ~ ips ~ ip3 < ip asshown
in Fig. 3. Hence, (5) becomes

Mgiy — 1

D
t+ < Vir>. 17
o }—f— Wy (17)

Uhfl = Uhf2 = Upf3 = |:
Therefore, for any given modulation index (m,, ) and grid current
(ig), all dc bus voltages converge to the same average value
WVip.

1) Harmonic Analysis: All the H-bridges in stage-1 have the
same modulation index, m,, as shown in Fig. 6, and it can be
modeled as follows:

o = M cos (wyt). (18)
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In this case, the second-, fourth-, and sixth-order switching har-
monics (Viz., vagsp, (1), vasp (1), and vgsp, (t)) can be obtained by
substituting M7, M,, and M3 as M in (11), (12), and (13)

V2 (t) = 05 vgen(t) =0 (19)
vesh (t) = 2‘7/3( Z cos [(I + 2)7]
l=—00
cos X [6w,t + (20 — V)wyst]J_1(3mM).  (20)

It can be seen from (19) and (20) that when the PBCs are imple-
mented in stage-2, the second and fourth switching frequency
based harmonics can be eliminated. For a seven-level CMSST
with PBCs

Um sh (t) -

0, ifm <3

2Vie R
- Zl:_w cos [({ + 2)7]
cos X [6w.t + (20 — L)wyt] J_1 (3w M),

ey

ifm = 3.

The first harmonic frequency in the harmonic spectrum of the
pole voltage of the CMSST (v,3) in this case is centered at
the (2N )th switching frequency based harmonic component.
Equation (21) is similar to the ideal multilevel case, i.e., (14).
This is due to the fact that the modulation indices of all the
H-bridges in stage-1 are equal. Implementing the PBC in stage-
2 is equivalent to operating the cascaded H-bridge as an ideal
multilevel converter.

C. Grid-Side Filter Design

In an ideal multilevel rectifier, the MVAC grid-side filter (L)
is designed to mitigate the (2/V)th switching frequency based
harmonic component and above [46]. However, when the VBCs
are implemented in stage-1, switching frequency based har-
monics starting from second switching frequency component
exist in the pole voltage of multilevel rectifier as mentioned ear-
lier. Hence, L, must be designed to mitigate second switching
frequency component instead of (2/V)th component. As a re-
sult, the designer is forced to choose a higher value of L, than
normally required. This is a major drawback that needs to be
considered while implementing the voltage balancing controller
in stage-1 of the three-stage CMSST.

To illustrate the intensity of the problem, the value of L, for
a 3-ph 3.3 kV, 50 kVA, seven-level CMSST (specifications in
Table II) is compared for two cases: 1) VBC implemented in
the first stage and 2) PBC implemented in the second stage. The
approach followed to design L, for the above specifications is
as follows.

1) Modulation indices of stage-1: In case of VBC imple-
mented in stage-1, the modulation indices of the multi-
level rectifier (M, M, M3) due to the mismatch in the
series inductance of the isolation stage (Lg) are calcu-
lated from (7). In case of PBC implemented in stage-2,

hf



GORLA et al.: COMPREHENSIVE HARMONIC ANALYSIS AND CONTROL STRATEGY FOR IMPROVED INPUT POWER QUALITY

TABLE I
SUMMARY OF ANALYSIS PRESENTED IN SECTION III

Voltage balance ~ Modulation indices  Phase shift for  Input current

control in for stage-1 stage-2 THD
stage-1 Unequal Equal High
stage-2 Equal Unequal Low

Ly ig
O

Ma Vi

()vg .
Ma2Vip2

¥

Ma3Vps

(a) (b)

Fig. 7. Equivalent circuit model of multilevel rectifier. (a) When the VBCs
are implemented in stage-1. (b) When the PBCs are implemented in stage-2.

2) The switching frequency related harmonics (along with
their side bands) of V,; are calculated using (11), (12),
and (13).

3) The minimum value of L, required to maintain the THD

of grid current within 5% is calculated through iterations.

For a 10% mismatch in the series inductance value in the
isolation stage, the L, value required to maintain the THD of
grid current below 5% is 90 mH if the VBCs are implemented
in stage-1, whereas only 60 mH is sufficient in case of PBCs
implemented in stage-2 for the considered specifications. It can
be observed from this design that at least 50% higher inductance
is required in case of VBCs implemented in the first stage to
maintain the grid current THD below 5% compared to the PBCs
in stage-2.

Some of the key take away points from the analysis pre-
sented in this section are summarized in Table I. The analysis
is validated using simulation and experimental results in the
subsequent sections.

D. Equivalent Circuit Models for Balance Controllers

It can be understood from (7) that when the VBCs are imple-
mented in stage-1, the unbalance in the DAB converters input
currents (i.e., ip1, tp2, and ipg) is counteracted by creating
an additional unbalance in stage-1 (i.e., Amg14y, Aoy, and
Amy3i, ) corresponding to each DAB converter. Therefore, this
can be modeled as the cascaded H-bridge supplying an unbal-
anced load as shown in Fig. 7(a). Hence, the effect of VBCs
on the grid current harmonics can be studied by connecting an
unbalanced load to each H-bridge and implementing a VBC in
stage-1.
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TABLE II
SIMULATION PARAMETERS
Parameter name Symbol Value
Grid voltage Vg 33kV
Grid frequency fq 50 Hz
Nominal power Py 50 kVA
Specification of stage-1
Grid side inductor Lyg 60 mH
DC link capacitor (individual) Chy 33 mF
Individual DC link voltage Viy 1260 V/
No. of H-bridges N 3
No. of levels N (2N + 1)=7
Switching frequency of each H-bridge fs 05 kHz
Phase shift between carriers be 27/3
Specification of stage-2
Series inductor Lg 63 nH
Switching frequency fsd 100 kHz
Filter capacitor Ciy 300 pF°

When the PBCs are implemented in stage-2, it is under-
stood from (17) that the unbalance in the DAB converters input
currents (i.e., ¢p1, ¢p2, and ip3) is counteracted by having
additional phase shift terms for each DAB (i.e., A¢y, Ao,
and A¢s). Therefore, stage-2 always resembles a balanced load
to the multilevel rectifier (i.e., stage-1). It can be modeled as
the cascaded H-bridge supplying a balanced load as shown in
Fig. 7(b). Hence, the effect of PBC on the grid current harmonics
can be studied by connecting a balanced load to each H-bridge
in stage-1.

IV. RESULTS AND DISCUSSIONS

The theoretical analysis presented in Section III is validated
using simulations and experimental results in this section.

A. Simulation Results

A 3.3kV, V;_r, 3-ph three-stage CMSST with the specifica-
tions shown in Table II was simulated using PLECS simulation
software. Simulation results are presented in Figs. 8, 9, 10, and
11 for the two cases. Case 1): PBC implemented in stage-2 with
10% parameter mismatch (series inductance) in stage-2 and case
2): VBC implemented in stage-1 with 10% parameter mismatch
(series inductance) in stage-2. The following are some of the
inferences from the simulation results.

1) Grid voltage (v,), grid current (7,), dc bus voltages at
the output of stage-1 (V},,,, where n = 1,2, and 3), out-
put current of the isolation stage (ipap,, wWhere n =
1,2, and 3), modulation signals for first and second stages
(i.e., Mgy, Wwhere n = 1,2, and 3 and ¢pag, respectively)
when VBCs are implemented in stage-1 are shown in
Fig. 8.

Before activating the VBCs in stage-1 (i.e., £ <2s
in Fig. 8), the currents through the isolation stages
(ipAB1, iDAB2, andipaps) are unequal due to parameter
mismatch (series inductance (L) value). As a result, the
dc bus voltages at the output of stage-1 (viz., V}, 1, Vi 2,
and V, r3) settle at unequal voltages as shown in Fig. 8.

After activating the VBCs in stage-1 (i.e., t >2 s in
Fig. 8), the modulation signals (m,1, m,2, and m,3) to
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Fig. 8. Grid voltage (V,), grid current (i,), dc bus voltages at the output

of stage-1 (Vj,f,,, where n = 1,2, and 3), output currents of isolation stage
(ipABn » Where n = 1,2, and 3), modulation signals to the cascaded H-bridge
(man, where n = 1,2, and 3), and phase-shift control signal to the isolation
stage (¢pap) before and after activating the VBC in stage-1.

the cascaded H-bridge (stage-1) are adjusted such that all
the output voltages of stage-1 (V3 r1, Vi, y2, and V}, f3) con-
verge to the reference voltage (1260 V). Since the power
unbalance in the isolation stage is counteracted by cre-
ating an additional unbalance in the control signals to
stage-1 (mg1 # Maa 7# My3), the output currents of the
isolation stage (ipapy,) remain unbalanced as shown in
Fig. 8.

2) Grid voltage (vy), grid current (i), dc bus voltages at
the output of stage-1 (Vj,,,, where n = 1,2, and 3), out-
put currents of the isolation stage (ipap,, where n =
1, 2, and 3), modulation signals for first and second stages
(i.e., m, and ¢pap,, Where n = 1,2, and 3) when PBCs
are implemented in the isolation stage are shown in Fig. 9.
Before activating the PBCs in the isolation stage (i.e., ¢ <
2 s in Fig. 9), the isolation stages draw unequal currents
due to the parameter mismatch as mentioned in Section II.
As aresult, the dc bus voltages at the output of stage-1 set-
tle at unequal voltages, i.e., Vi, r1 # Viy2 # Vi y3. How-
ever, their average value (0.33 % (V51 + Vigo + Vigs))
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Fig. 9. Grid voltage (V,), grid current (i4), dc bus voltages at the output

of stage-1 (V,z,, where n = 1,2, and 3), output currents of isolation stage
(ipaBn » Where n = 1,2, and 3), modulation signal to the cascaded H-bridge
(m ) and phase-shift control signals to the isolation stage (¢papy, , Where n =
1,2, and 3) before and after activating the PBC in stage-2.

equals to the reference value, i.e., 1260 V due to the aver-
age voltage controller in stage-1.

After activating the PBCs in stage-2 (i.e.,t > 2sinFig.9),
the control signals to the isolation stage (¢pap1, ®pAB2»
and ¢paps) are adjusted such that all the output voltages
of stage-1 (V}, 71, Vi r2, and Vj, r3) converge to the refer-
ence voltage (1260 V). The power unbalance due to the
parameter mismatch in the isolation stage is corrected by
varying the control signals to the isolation stage (¢pas1.,
?paB2, and Ppaps) keeping equal modulation signal (1m,,)
to all H-bridges in stage-1. Therefore, all the output cur-
rents of isolation stage become equal after activating the
PBCs in stage-2.

It can be clearly seen from Figs. 8 and 9 that both the volt-
age and PBCs balance the dc bus voltages at the output of
stage-1. However, the unbalance created in the modulation in-
dex of stage-1 due to VBC (i.e., mq1 7# Ma2 7# My3 as shown in
Fig. 8) can cause additional switching frequency based harmon-
ics in stage-1. To illustrate this clearly, the grid current (i,) and
grid-side multilevel voltage of stage-1 (V;) for both the cases
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(case 1): PBCs implemented in the isolation stage and case 2):
VBCs implemented in stage-1) are shown in Fig. 11. Also, the
THD of grid current for case 1) and case 2) are shown in Fig. 10.

The following are some of the inferences.

1) The grid current (i,) for both case 1) and case 2) are

shown in Fig. 11. It can be seen from this figure that
the current ripple after activating the VBC in stage-1 is
erratic [as shown in Fig. 11(a)] due to the presence of
lower-order switching frequency based harmonic compo-
nents in the grid current. As mentioned earlier, the VBCs
in stage-1 introduce an unbalance in the modulation sig-
nals to each H-bridge (m,1 # mu2 # my,3) to balance
the dc bus voltages at the output of stage-1. On the con-
trary, the PBCs in stage-2 achieve equal voltages at the
output of stage-1 by introducing an unbalance in the con-
trol signals to each converter in the isolation stage, i.e.,
PDAB1 75 PDAB2 75 ¢paB3, keeping the modulation signal
in stage-1 equal, i.e., (Mg = My2 = My3). Equal mod-
ulation signals and dc bus voltages in stage-1 cancels

2)

Grid voltage (V;), grid current (i), and the grid-side multilevel voltage (V) when VBCs [case 2)] and PBCs [case 1)] are activated.

the lower-order switching frequency based harmonics in
cascaded multilevel converter resulting in a uniform high-
frequency ripple as shown in Fig. 11(b).

The harmonic components of grid current for case 1) and
case 2) are shown in Fig. 10. In an ideal multilevel con-
verter case, the harmonics should be centered around (2N)
times the switching frequency (i.e., 2N f,, where N is the
number of cascaded H-bridges). Therefore, for the pre-
sented simulation case with three H-bridge in stage-1, the
switching frequency based harmonic components should
be centered around 6 f; and the harmonic frequencies less
than 6 f; should be absent. It can be seen from Fig. 10 that
the harmonics less than 6 f; are dominant when the VBCs
are implemented in stage-1 [case 2)] than its counterpart
[case 1)]. The additional harmonics have increased the
THD of grid current from 5.0% to 6.5%.

The simulation results confirmed the theory presented in
Section III. The analysis is further substantiated with experi-
mental results in the next section.
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1) Before enabling the VBCs, the dc bus voltage of the
first H-bridge is higher compared to second and third
H-bridges (Vj,p1 > Vipo and Vi, p1 > Vi p3). This is due
to the fact that the first isolation stage is delivering lower
power compared to the other two isolation stages. This can
be clearly observed from the output currents of isolation
stage (“paB1 < ipaB2 and ipap1 < IpAB3)-

After enabling the VBCs in stage-1, as shown in
Fig. 14(b), all dc bus voltages at the output of stage-1
Vi1, Viy2, and V}, r3) have converged to the same refer-
ence. This is due to the fact that the VBCs implemented
in stage-1 adjust the modulation indices of each H-bridge
such that (7) is satisfied.

The dc bus voltages of three H-bridges (Vjy1,
Vir2, and V}, y3) along with the grid current before and after
enabling the PBCs in stage-2 are shown in Fig. 15(a) and (b),
respectively.

1) It can be seen from Fig. 15(a) that before enabling
the PBCs, the dc bus voltages of three H-bridges
Vi1, Viy2, and Vj, r3) are not same because of unequal
powers drawn by stage-2.

2) When the PBCs are enabled, as shown in Fig. 15(b), the

2)

Fig. 12.
phase three-stage CMSST. A centralized controller implemented in dSPACE
MicroLabBox communicates appropriate voltage references to controller-1 and
controller-2.

Scale down hardware prototype stage-1 and stage-2 of single-

TABLE III
PARAMETERS OF THE TEST SETUP

Parameter name Symbol Value individual control signals for the isolation stages are ad-
Grid voltage Vy 115 Vrms justed such that equal power are drawn from each H-bridge
Grid'frequency fq 50 Hz in stage-1.
Gﬁgﬂigzliggmﬁgr ILDZ 755 Om‘éf Even though both voltage and PBCs can ensure equa'l dc bus
DC link capacitor (individual) Chy 33 mF voltages at the outputs of stage-1, the VBCs in stage-1 increase
Individual DC link voltage Vi 0V the THD of grid current by introducing additional switching
No. of H-bridges N 3 harmonics. To illustrate these effects, the harmonic spectra of
Switching frg]?légiylegfe Each H-bridge ]}/Z (2(;\75 : ;};7 the grid cur.rent for 50% and 100% loads are measured experi-
Phase shift between carriers be 273 mentally using a Yokogawa WT3000 precision power analyzer
LVDC bus voltage Vivbpe 200 V/ and the results are presented in Fig. 16. Following are some of
Switching frequency of isolation stage fsd 100 kH z the inferences.

Controller sampling frequency fe S0 kH = 1) The harmonic spectrum of the grid current for the case
) where the PBCs are implemented in stage-2 is shown in
B. Experimental Results case 1) of Fig. 16(a) and (b). It can be seen from these fig-
A scale down hardware prototype of single-phase cascaded ures that the first and second switching frequency based
H-bridge, as shown in Fig. 12, is built with the specifica- harmonic components, i.e., 2f; and 4f, and their side
tions shown in Table III to validate the analysis presented in bands are absent. This is due to the fact that the modula-
Section III. The conventional two-loop d—q control for stage- tion indices of the three H-bridges in stage-1 are equal,
1 and voltage mode control for stage-2 are implemented in i.e., My1 = My2 = My3. In such a scenario, the right-
two TMS320£28335 TI DSPs (controller-1 and controller-2 in hand side terms of (11) and (12) get canceled, yielding
Fig. 12). The reactive power reference is kept as zero through- an overall reduction in the grid current THD. In this case,
out the experiment. The experimental waveforms of grid voltage the advantages quoted for cascaded H-bridge converters
(vy), grid current (i), and grid-side rectifier voltage (V,;) for such as low grid-side filter inductance and low grid current

50% and 100% load conditions are shown in Fig. 13(a) and (b), THD are fully justified.
respectively. It can be clearly seen from these figures that the 2) The harmonic spectrum of the grid current when the VBCs

grid voltage (v,) and grid current (i,) are in phase irrespective
of load.

As mentioned earlier, the parameters of all converters in the
isolation stages are not same which results in unequal voltages
at the output of stage-1.

In such cases, either VBC in stage-1 or PBC in stage-2 is
required to balance the output dc bus voltages of stage-1. The
dc bus voltages of three H-bridges along with the grid current
before and after enabling the VBCs in stage-1 are shown in
Fig. 14(a) and (b), respectively.

are implemented in stage-1 of SST with 10% and 20%
parameter mismatch (series inductance) in stage-2 are
shown in case 2) and case 3) of Fig. 16(a) and (b), re-
spectively. Any power mismatch in the isolation stage
result in an unequal load on each H-bridges in stage-1.
The VBCs in stage-1 adjust the modulation indices, i.e.,
Mg1 7# Ma2 7# Mys such that all the dc bus voltages at the
output of stage-1 are equal. As a result, the first and sec-
ond switching frequency based harmonic components and
their side bands appear in the harmonic spectrum, which
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Grid voltage, current, and gird side multilevel voltage waveform of stage-1 for 50% and 100% load cases. (a) (i) v, : Grid voltage (scale: 200 V/div),

(ii) 74 : Grid current (scale: 5 A/div), and (iii) v,y : Grid-side rectifier voltage (scale: 200 V/div) at 50% load. Time scale: 10 ms/div. (b) (i) v, : Grid voltage (scale:
200 V/div), (ii) i4: Grid current (scale: 10 A/div), and (iii) v,y : Grid-side rectifier voltage (scale: 200 V/div) at 100% load. Time scale: 10 ms/div.
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Fig. 14.  Vj: Grid voltage (scale: 100 V/div), i,: Grid current (scale: 10
Aldiv), Vi, r1, Vigo and Vi p3: DC bus voltage of first, second and third
H-bridges, respectively (scale: 5 V/div), i 4411, %dab2 andiq,p3: Output currents
of first, second and third isolation stages, respectively (scale: 0.5 A/div); Time
scale: 200 ms/div. (a) Zoomed view: Before activating the VBCs in stage-1.
(b) Zoomed view: After activating the VBCs in stage-1.

can be seen clearly in Fig. 16(a) and (b). The unequal
modulation indices result in a nonzero right-hand side
terms in (11) and (12), yielding an overall increment in
the grid current THD. In this case, the quoted advantages
of multilevel converters are not completely realized.

3) As shown in Fig. 16(a), the measured THD of the grid
current for case 2) and case 3) are 5.85% and 6.68%,
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Fig. 15.  V,: Grid voltage (scale: 100 V/div), i,: Grid current (scale: 10
A/div), Vg1, Vigo, and Vj p3: DC bus voltage of first, second, and third
H-bridges, respectively (scale: 5 V/div), i4q515 tdap2, and i44p3: Output cur-
rents of first, second, and third isolation stages, respectively (scale: 0.5 A/div);
Time scale: 500 ms/div. (a) Zoomed view: Before activating the PBCs in stage-2.
(b) Zoomed view: After activating the PBCs in stage-2.

respectively. It can be seen clearly from these results that
the THD of the grid current has crossed the 5% current
THD standards. To reduce the grid current THD below
5%, the value of grid-side filter inductor (L) has to be
increased, which offsets the advantages of multilevel con-
verters. Since anything higher than 20% parameter mis-
match (series inductance) is not practical, the results are



6230

Grid current harmonics at 50 % load

0.7
0.6
0.7 4
05 B Case (i): THD = 3.82 %
0.6 4 -
o7 Il Case (ii): THD =5.85%
7 0.4
I Case (iii): THD = 6.68 %
0.5
0.6 03l
< 0.4
@ 05 02
E] 03
= o4l fon A, 3fsh
£ 0.1
® 0.2
g 0.3 00
= 01 10 20 30 40 50  .2'60 70
3 . a ’° a
O 02 L , o I I".
o I I l'l L A n
0.0 : . : ,‘ . >t :
01 0,020 30,40 5 60 70
7 / I I ke
- L I
ool « ‘ « i A
10 20 30 40 50 60 70
Harmonic order
(a)
Fig. 16.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

Grid current harmonics at 100 % load
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Fig. 17.  THD of MV side grid current for various loads. Case 1): PBC imple-

mented in the isolation stage with 20% parameter mismatch (series inductance)
in isolation stage, case 2): VBC implemented in stage-1 with 10% parameter
mismatch (series inductance) in isolation stage, and case 3): VBC implemented
in stage-1 with 20% parameter mismatch (series inductance) in stage-2.

shown at 20% parameter mismatch (series inductance)
case to bring out the intensity of this issue.

The overall THD profile of the grid current for 50% to 100%
load conditions for all the three cases are shown in Fig. 17. It
can be seen from these results that there is an overall increment
in the THD of grid current when the VBCs are implemented
in stage-1. The THD of the grid current is worst at light load
with VBCs in stage-1. Hence, it is advisable to implement the
PBCs in the isolation stage rather than the VBCs in the cascaded
H-bridge stage.

V. CONCLUSION

In this paper, the effect of balance controllers on the THD
of the grid current in a three-stage CMSST is studied. It is

known that the balance controllers can be implemented either in
the cascaded multilevel rectifier stage (stage-1) or the isolation
stage (stage-2) in a three-stage CMSST. The Fourier series of the
grid-side voltage of multilevel rectifier revealed that implement-
ing VBCs in stage-1 introduces additional switching harmonics
apart from the inevitable switching harmonics in a multilevel
rectifier (2N times the switching frequency of each H-bridge).
Also, it is proven mathematically that stage-2 behaves like a bal-
anced load to stage-1 if the PBCs are implemented in stage-2.
With equal modulation indices and balanced load, the harmonics
in the grid current are centered only at 2N f,. The same has been
proven using the PLECS simulations and hardware results. Ex-
periments on the hardware prototype revealed that the THD of
the grid current has decreased from 6.65% to 3.8% at 50% load
when PBC is implemented in stage-2 instead of having VBC
in stage-1 with a 20% parameter mismatch (series inductance);
and from 5.85% to 3.8% for the same case with 10% parameter
mismatch (series inductance). When the VBC scheme is imple-
mented in stage-1, the grid current THD followed an increasing
trend as the load decreases and unbalance increases.

Therefore, it is advisable to implement the PBC scheme in
the isolation stage rather than VBC scheme in stage-1 to have
minimum THD with optimal grid-side filter inductor in a three-
stage CMSST.
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