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Maximum Power per Ampere Modulation
for Cascaded H-Bridge Converters

Ivan Spina™, Daniel J. Rogers

and Yam P. Siwakoti

Abstract—This article shows how to exploit the degree of
freedom represented by the common-mode voltage, which is
inherent in three-phase Cascaded H-bridge (CHB) converters,
to minimize the total rms current value of the distributed
dc sources. An optimal common-mode voltage injection law is
derived, constituting a maximum power per ampere (MPPA)
modulation strategy with respect to the currents of the dc sources.
The potential benefits introduced by the proposed algorithm
are analyzed in the context of battery-fed CHB converters
and validated experimentally with a three-time-constant Randles
model of a battery cell. The MPPA strategy is compared with
traditional common-mode voltage injection methods, and battery
loss reduction is demonstrated. The obtained ES is dependent on
the converter m and power factor. Experimental tests on a 36-cell
full-bridge CHB converter validate the simulation and numerical
derivation. To demonstrate the efficacy of the proposed method in
practical applications, a 3 MW energy storage system (ESS) and a
110 kW battery electric vehicle (BEV) undergoing standard drive
cycles are presented as case studies. Compared to traditional
modulation strategies, the MPPA strategy reduces the battery
losses by up to 10.9% in the ESS and 27.5% in the BEV
application.

Index Terms—Battery energy storage, cascaded H-bridge
(CHB), maximum power per ampere (MPPA).

NOMENCLATURE
Ey : Total battery energy loss.
ES: Battery energy saving.
[ Objective function.

I: Peak ac current amplitude.

Iy : Total root mean square (rms) battery current.

Ipgc Total dc component battery current.

Ipdgckn ©  DC component current value of the nth bat-
tery in the kth phase.

bk Current of the nth battery in the kth phase.
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Ipjn : rms current value of the nth battery in the
kth phase.

ix: kth phase current.

m: Modulation index.

M n: nth module of the kth phase.

N : Number of modules per arm.

NiN : Number of inserted batteries within the
generic arm k.

Po Total battery power loss.

Pl kn Battery power loss of the nth battery in the
kth phase.

P Derivative of f with respect to v}).

0 Current angle delay.

o Fundamental output angular frequency.

Vi : Battery voltage.

Ddk Differential-mode voltage component.

Ok Voltage of the kth phase.

Vo Common-mode voltage component.

Do .bal Common-mode voltage component at the

fundamental frequency for inter-arm balanc-
ing action.

Minimum and maximum limits for the
common-mode voltage component.

Uomins Domax -

* Superscript for reference quantities.

k: Subscript referring to the converter phase
(k=1,2,3).

n: Subscript referring to the converter module
n=1,...,N).

I. INTRODUCTION

ODULAR converters offer distinct advantages over

conventional voltage source inverters (VSIs) and,
indeed, numerous authors have proposed this solution for
various applications, including variable-speed drives [1], [2],
energy storage systems (ESSs) [3], [4], and wind tur-
bines [5], [6]. The high-quality output waveform produces
low electromagnetic interference (EMI), and switching losses
are low, especially when the nearest level control (NLC)
modulation technique is used [7]. It has been shown that
battery-fed solutions can be used to achieve accurate state of
charge (SoC) balancing even between severely mismatched
batteries [8], [9]. Modular converters also offer inherent scal-
ability to higher voltages because of their redundancy and
ability to dynamically isolate failed modules from a larger
series string [10], [11].

2168-6777 © 2021 1IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Universita degli Studi di Napoli Federico Il. Downloaded on August 12,2026 at 12:04:15 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-8814-5332
https://orcid.org/0000-0001-8290-4393
https://orcid.org/0000-0002-6574-0099
https://orcid.org/0000-0002-3869-412X
https://orcid.org/0000-0002-8927-650X

SPINA et al.: MPPA MODULATION FOR CHB CONVERTERS

Ml.l
1
l),1,1A
b= T M,, M,
(% (% U3
Ml 2 _l M2_2 _| M32 _l
MLN Mz.N MS.N
v v v
T e e
ac side
Fig. 1. Three-phase battery-fed CHB converter.

Cascaded H-bridge (CHB) converters [12] are based on
the cascaded connection of full-bridge choppers, each unit
embedding a dc source. The dc source can be of various
types including capacitor, supercapacitor, battery, and fuel cell.
The chopper and its dc source constitute one module, and the
series connection of modules constitutes one arm. In this work,
we use the term CHB to represent the three-phase converter
obtained by the single-star connection of three arms,' each
arm is realized by the series connection of full-bridge choppers
embedding a dc source, as shown in Fig. 1.

In a cascaded converter, each dc source is switched in and
out of the conduction path depending on the instantaneous
arm voltage required. This naturally leads to a pulsed current
flowing in the dc sources of each module [14]. As a result,
the dc sources are subjected to a low-frequency (LF) current
ripple. Considering that any real dc source (e.g., battery) is
characterized by resistive internal parameters, this will lead to
power loss [15]. This relative increase of rms current value for
a given average power transfer cannot be eliminated entirely
without introducing an additional energy buffer between the dc
sources and the choppers to filter the pulsating power, which
would entail additional cost and complexity in the circuit.

Although the literature recognizes the common-mode volt-
age shared by all phases as a degree of freedom for mod-
ular multilevel converters (MMCs) [16], there has been no
analysis of its effect on the current experienced by the dc
sources. To-date, the injection of the common-mode voltage
has been exploited only for converters equipped with capac-

IFor brevity, in this work the term CHB is used to describe the specific
three-phase single-star arrangement. However, in other contexts, CHB is a
broad term that can also refer to other arrangements of arms that contain
full-bridge modules. For example, [13] classifies several circuits that are all
referred to as CHB converters.
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itors [17]-[19] in order to influence capacitor voltage ripple,
or for the inter-arm balancing of battery-fed systems [20], and
maximizing the linear modulation region [21]. As battery-fed
modular converters are being proposed for both ESSs [3], [4]
and battery electric vehicles (BEVs) [22], [23], a method to
reduce battery losses would improve the efficiency and lifetime
performance of these systems.

This article explores the influence of the common-mode
reference voltage in rms current value experienced by the
dc sources of a CHB converter. An optimized common-mode
voltage injection law is derived to minimize the dc sources rms
current value. The proposed technique constitutes a discontin-
uous modulation strategy that realizes a maximum power per
ampere (MPPA) control of the converter with respect to the
currents of its distributed dc sources.

For battery-fed CHB converters, this work evaluates the
potential ES introduced by the proposed method by means
of an experimentally validated Randles dynamic 3p3z bat-
tery cell model [23]. Experiments on a three-phase 36 cell
CHB converter laboratory prototype validate the mathematical
derivation, demonstrating a substantial reduction of rms battery
current. Two case studies, a 3 MW ESS and a 110 kW BEYV,
are used to evaluate the benefits introduced by the proposed
algorithm in real-world applications. In both cases, significant
battery loss reductions are observed.

This article is organized as follows. Section II presents
the description of the overall system, followed by a detailed
explanation of the proposed MPPA strategy in Section III.
Sections IV and V discuss and compare the proposed method
with the traditional method. Simulations and experimental
results are presented in Section VI for verification and finally
concluded in Section VII.

II. DESCRIPTION OF THE SYSTEM

Fig. 1 shows the three-phase CHB converter, consisting
of three arms and interfaced with the ac side, which can
either be a three-phase passive load or the ac grid. Each
arm is realized by N series connected H-bridge modules
embedding a battery of voltage V;. The modules have been
enumerated as M;, where the subscript k represents the
converter phase (k = 1,2,3) andn = 1, ..., N. The total arm
voltages and currents are denoted respectively with vy, v2, 03
and iy, ip, i3, while i, , represents the current of nth battery
in the kth phase.

According to the status of the switches in the module,
the output voltage of the module can be Vj,, 0 or —V,, and
by suitable control of the switches in all modules, a quantized
voltage in the range =NV, can be generated in each phase.
The generic arm voltage reference can be modulated by
means of either pulse width modulation (PWM) or NLC
techniques [22].

The common-mode reference voltage is defined as the
instantaneous average of the arm voltages

vy = (lff +o;+ 1)5“)/3 (1)

where v}, v5, 03 are the reference voltages of the three arms.
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Thus, the generic arm voltage reference v} can be decom-
posed in its differential and common-mode components

* % *
vp =04 T 0,

vy =0+ 2)
03 =43 + 05
where v} is the differential component of v}.

Naturally, the common-mode voltage does not modify the
line-to-line voltages. In three-phase three-wire systems the
ac currents only depend the line-to-line voltages. Therefore,
v’ represents a degree of freedom of the modulation process.

Considering that v} € [-NV;, NV;], the voltage v} has to

be kept in the range (v}, Vinay)> With
D:min = _va_min(vgk) 3)
Vimax = NVo—max(v).

In repetitive conditions, the total rms current [, of all the
3N batteries can be expressed as

3 N 3
b= |7 / S da= SR, @

where T = 2x /w is the period of the fundamental ac output
frequency and [ x, is the rms current value of the nth battery
in the kth phase.

III. PROPOSED MPPA STRATEGY

The proposed MPPA strategy aims to minimize the total
rms current [, of all batteries through a proper injection of
the common-mode reference voltage v7.

In the generic module M ,, the battery current ijy, is
zero if the battery is bypassed, while it is equal to the arm
current £i; if the battery is inserted. The number of inserted
batteries Ny v Wwithin the generic arm k depends on the
reference voltage v;. Hence, (4) can be rewritten as

)

3

1 v
L= |= 2 New.i2dt with Ny (f) = | =<
b T/T kIN-Lj w kN (1) 7

k=1

Considering (5) and (2), the following quadratic f (z);‘) to
be minimized can be defined

f= v+ gl + [l + o342 + [l + o5l (©)

Equation (6) is a piecewise linear function of v} with
at most three breaking points, which are positioned at
-0}, —0},, —0}5. In order to locate the absolute minimum
of the function f, the derivative of f with respect to v} is
considered: p = (df /6v}). Naturally, p is a piecewise-constant
function of v}

p=sgn (v}, +v})-it+sgn(v}, +v}) - i3+sgn(vjy + ) - i3.

@)

Among the three instantaneous current phase values
i1, 12,13, let us suppose that i; has the highest instantaneous
absolute value, i.e., i12 > max(i%, z%) In this hypothesis, since

i1+ i+ i3 =0, it is easy to verify that i12 > i22 + i32. This

a) b) | ¢) |

—Uhe —Ui

v [V]

—Vj s

v [V]

+ -
Va2 Vi

o5 [V]

71‘:1 "

—Uj2 —Ug3
0 ! 0 £

Fig. 2. Qualitative behavior of the quadratic objective function f for
@ 03 = vy Z vg3, (0) vy = vy = vg3, and (¢) vg3 = i) = v,

entails that in (7) the first addend |0}, + v¥|-i7 is predominant
and determines whether p < 0 or p > 0. Around the point

vy = —v},, the following conditions apply:
vy< —vy = p< 00i> —vj = p> 0. (8)
Identifying the point v = —v;, as the absolute minimum

of the function f as a direct consequence of the hypothesis
it > max(i%, l%)

As an example, Fig. 2 shows the qualitative behavior of
f for different combinations of v};,v},,v); values in the
hypothesis i{ > max (i3, i3).

As can be noted from Fig. 2, the absolute minimum of p
is always placed at v} = —v};.

Repeating the same reasoning in the hypotheses i >
max(ilz,ig) and i32 > max(ilz,iz), it is easy to deduce that
the optimum point would be v} = —v}, and v} = —vj};
respectively. It can be concluded that the f can be minimized
by setting the common-mode voltage reference equal to the
voltage breaking point corresponding to the converter arm
experiencing the maximum instantaneous phase current. Thus,
the optimum common-mode voltage injection law can be

formalized as

—o%,, if i > max(i3,i3)
) 2.
v:pl’un =1 —v),, ifiy> max(zl,l3) 9)
e 2 2.
=0}, if i3 > max(if, i3).

As an example, steady-state sinusoidal conditions can be
considered

(10)
(1)

where m is the modulation index, I is the peak ac current
amplitude with ¢ as its delay angle, and w represents the
fundamental output angular frequency.

In this condition, Fig. 3(a) shows the waveforms of the
optimum common-mode voltage for m = 0.5 and for ¢ = 7 /4.
The correspondent phase voltages are shown in Fig. 3(b)
(all voltages are normalized with respect to NV ). Naturally,
the phase-to-phase voltage resulting from Fig. 3 (which are
not shown for the sake of brevity) is perfectly symmetrical
and sinusoidal.

With respect to a sinusoidal and symmetrical steady-state
condition, the following expression applies to the quantity 77
when the optimum injection law is carried out:

vy = mNV,sin(wr — 2z (k — 1)/3)
iy = Isin(wt — ¢ — 27 (k — 1)/3)

) KmA, for —n/6+hr <¢p <n/6+hx
Iboptun: (12)
B KmB for —n/6+hr > ¢ > 7x/6+ hn.
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Fig. 3. (a) Optimum common-mode voltage and (b) phase voltages in

presence of the optimum injection law.

With & € Z and
K =3NI*/x,

2
—ﬁ|sin¢|+\3/coszgo«/— — |cosp|(1—|sing|) +

A =|cosg|

S
23
(13)

As Iiopt,lm has period of 7, the same behavior applies for
positive or negative converter output power.

It should be noted that the optimization procedure leading
to (9) has been derived without taking into consideration
the common-mode voltage limitations (3), resulting in an
unconstrained optimum law opt, un. As a consequence, (12)
represents the actual I value only when v} . < Vgptun =
Vanaxs 1-€., when the CHB arms can physically achieve the
required voltages, given their limited number of modules.
When this condition is not met, a constrained optimum law opt
must be used instead. The opt law is the physically realizable
optimal injection law, i.e., the law that ensures v} . < v} <
Vanax Whilst achieving the minimization of f. The opt law
can be found by noting that vg, ., defines a break-point of
the function f (v;’;) for which the following relation applies:

(14)

*
opt,un

*

* . *
v, <V = p <05 v, > Vg g = p> 0.

Equation (14) ensures that when the common-mode voltage
defined by the opt, un law cannot be applied, f always
increases when o), while kept in the range (v(’)‘min,v(’)‘max),
moves from the nearest available value to the furthest one,
even if a breaking point of f is traversed. Thus, it is possible

to derive the opt common-mode voltage injection law

* . * * *
Dopt,un > if Uomin SUopt,un SZ)omax
* ook * : * *
b, = Uopt - Domax> if Dopl,un > Vomax (15)
k : * %
Domin> if Dopt,un < Domin-

As an example, in symmetrical sinusoidal conditions at
m = 0.65 and ¢ = =/4, Fig. 4(a) clarifies how the
unconstrained optimum common-mode voltage vg, , is lim-
ited to the range [0}, Vi ]» Obtaining the quantity vj,.
Fig. 4(b) shows the corresponding optimum phase voltages
0f = bl + Ol

The proposed technique constitutes a discontinuous modu-
lation strategy that minimizes the total rms current [, of all the
batteries in the CHB converter architecture with reference to
both steady-state or transient conditions and for any waveform
of v}, and i.
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Fig. 4. (a) Unconstrained optimum common-mode voltage and its constrained
version. (b) Phase voltages in presence of the optimum injection law.
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Fig. 5. Common-mode voltage for all the considered injection methods (black
line) and correspondent phase voltages: (a) up, b) down, ¢) svm, (d) third,
(e) chop, and (f) dud.

IV. TRADITIONAL COMMON-MODE VOLTAGE
INJECTION METHODS

In order to evaluate the benefit introduced by the proposed
method, several common-mode voltage injection laws are
considered. With reference to a sinusoidal and symmetrical
voltages set [see (10)], the common-mode voltage behavior
of all injection methods at m = 1.1 together with the
correspondent phase voltages are shown in Fig. 5 (black line).
For the sake of clarity, only the first phase voltage has been
depicted with a continuous line. All quantities of Fig. 5 are
normalized with respect to NV,.

In [16], the following three different methods are presented:

D:maxﬂ

D) = 1 Vpins Down Clamping(down)
(v:min + v:max) /2, SVM equivalent(svm).

Up Clamping(up)
(16)

The first and second lines of (16) are equal to the maximum
and minimum limits of v} so that the phase reference voltage
references v; are maximized or minimized [Fig. 5(a) and (b)].
The last line in (16) produces a quasi-triangular o} wave-
form [see Fig. 5(c)] and is equivalent to the space vector
modulation (SVM), which is often adopted for the traditional
2-level VSI.

In [19] a pure third-order harmonic injection
[Fig. 5(d)] is proposed to reduce capacitor voltage ripple
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Fig. 6. Total mean square battery current for traditional methods for
(@@ =0,(0)p=r/8 and (c) p = /4.

in a modified MMC
. ‘v(";‘ sin(36,)
o= 6
With v% = (2/3) 3i_, vi.-e/ @7 =D)/O) the space vector of
the differential voltages references.
In [21] the common-mode voltage is injected only for

m > 1 [Fig. 5(e)] chopping the maximum reference voltage
to the value 1

third harmonic (third). 17

h = argmax(Jog|) (18)
k=1,2,3
1 —og5, if vg > NV,
0¥ =1 =1 —ug, if vz < =NV,  Chopping(chop).
0, otherwise

19)

In [18], a discontinuous up/down (dud) modulation is pro-
posed [Fig. 5(f)] to reduce voltage ripple in MMC equipped
with capacitors

k = argmax(|iz]); k = argmax(|ix|)
k=1,2,3 kAR

(20)

* — . _ . * —_— o _ _
Uy dud.a = SIEN(0R) — Vais Vg quap = mgn(vdE) — U4 21

* . *
* _ ) Yo.dud,a> if |vdk + Z)o,clucl,a| <NW
Uy dud = 9 herwi (dud).
V) quap» Otherwise

(22)

The waveform of v} 4,4 naturally depends on the behavior of
the currents. As an example, Fig. 5(f) refers to a symmetrical
current set [see (11)] with a ¢ of 10°.

The analytical expressions of the total mean square battery
current /2 for all traditional injections methods have been
calculated and reported in the Appendix.

The graphical behavior of I7 for all traditional injections
methods is shown in Fig. 6 as a function of the m and for
three different ¢; all quantities are normalized with respect
to K. For the sake of clarity, different colors have been used:
up and down: black; svm: red; third: cyan; chop: green; dud:
magenta.

As can be noted from Fig. 6, up, down, and dud injections
produce the highest 1}3 value. svm, third, and chop methods,
instead, offer better results. While /7 = and I}, are very
similar for all power factors (with Ibz,svm slightly lower), I}idud
is higher at a high power factors [Fig. 6(a) and (b)]. Therefore,
the svm technique is chosen as a comparison method for the
proposed technique.

svm

Fig. 7. Total mean square battery current for opt and svm methods for
(@) 9 =0, () p=n/8 and (c) p =7 /4.

Fig. 8. Randles dynamic 3p3z model of a battery cell.

V. COMPARISON BETWEEN TRADITIONAL AND
PROPOSED INJECTION METHODS

A fast comparison between svm and opt methods can be
performed by calculating Ilf of (12) and (35). For example,
at m = 0.5 and ¢ = 0, it result Ili = 0.64K and Iliopl =
0.5 K, testifying a reduction of about 22% in favor of the
proposed method. For a wider range graphical comparison,
Fig. 7 shows the Ilf behavior (normalized with respect to K)
for svm and opt methods as function of the m and for three
different ¢ values.

To evaluate the energy-saving benefits in the specific context
of a battery-fed CHB, it is useful to introduce a battery
model. The Randles dynamic 3 p3z battery cell model shown
in Fig. 8 was experimentally validated in [23] to calculate the
battery energy loss in BEVs.

As demonstrated in [23], the LF current harmonics pass
through the capacitances C—C3, whereas the dc component is
conducted through the resistors R; R3. Naturally, the resistance
Ry conducts the total battery current.

Hence, for the generic Mj , module, the battery loss Pyl .n
of the nth battery in the kth phase, can be expressed by

svm

Porion = Ro-Iy i, + (Ri + Ro+ R3) - I 4ot (23)

where Ij, gck,, is the dc component current value of the
nth battery in the kth phase while I, ,, is the total rms current
value (dc 4+ ac components).

The total battery loss P, can be obtained using

3 N 3 N
2 _ Z z 2 . 2 z Z 2
Ih - Ih,k,n’ Ih,dc - Ih,dc,k,n

k=1 n=1 k=1 n=1

(24)

it results

Py = Roly + (R + Ry + R3) I .. (25)

With reference to (25), as already discussed, the proposed
method guarantees the minimization of the 7> term (Fig. 7).
For the Ibz’ch term, it can be shown that the load power
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Fig. 9. Total square battery dc current component for opt and svm methods
for (a) ¢ =0, (b) p =7/8, and (¢c) ¢ =7 /4.

only fixes the sum of all the Ij 4.k, values, but not each
Ip.ac k. value. To find the minimum 1] i, all I gc s, should
be equal (i.e., independent of k and n) which is, of course, not
possible for the CHB converter where each module is switched
differently. Nevertheless, from the results of numerical simu-
lations, it is observed that the proposed opt method acts in
favor of a Ij 4ck,» equalization and, in comparison with the
svm method, obtains a reduction of the Ib% 4o term. The Ibz,dC
behavior (normalized with respect to K) is shown in Fig. 9 for
svm and opt methods as a function of the m and for three
different ¢ values.

Fig. 9(c) shows Ibz,dc equal to zero for both opt and svm
methods because, as expected, at ¢ = 7 /2 the batteries do
not supply active power (I dck,n =0\ k, n).

The battery loss reduction can be evaluated by introducing
the following “energy saving” metric ES

ES = 100.( svm _ E{i}")/ b (26)
where ES'™ and E,}" are the battery energy loss obtained with
respectively the svm and the opt methods

Ey™ = / Py™-di; By = / P - dr.

The ES gives the percentage reduction of the battery
energy loss obtained by the proposed opt method compared
to traditional svm methods. ES depends on the m and ¢.
Additionally, since in (25) the two power losses contribution
related to /7 and Ibz,dc are weighted, respectively, by Ry and
(R1 + Ry + R3), ES depends on the following ratio r:

r = Ro/(R0+R1 +R2+R3)

27)

(28)

With reference to steady-state condition, the behavior of ES,
parametrized on different r values, is shown in Fig. 10 as a
function of the m and for four different ¢.

The energy-saving can be quite significant, depending on
the operating condition and on the battery parameters. Below
m = 0.6, ES is above 20% for any r and ¢ value, and reaches
about 60% for very low power factor. The dependence on
the ratio r is more evident at higher power factor, because,
as previously mentioned, as ¢ — 7 /2 the batteries do not sup-
ply active power (/74 — 0). At higher modulation indices,
the ES value decreases due to the limitation on the injectable
common-mode voltage. Nevertheless, even at the maximum
m = 2/+/3, the optimum strategy still guarantees a reduction
in the range of 1%—7% depending on the power factor.

As both I} and I, do not change with a ¢ shift of r;
the same result applies to the charging and discharging
operation. It should be noted that in the present discussion,
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Fig. 11. Experimental setup.

the contribution of the balancing action to the battery power
losses has been neglected (see Appendix).

Given the energy-saving variability, in order to better evalu-
ate the benefit introduced by the proposed method for practical
applications, two case studies are presented in Section VIIL

VI. EXPERIMENTS

To experimentally validate the current reduction introduced
by the proposed common-mode voltage injection law, a three-
phase battery-fed CHB battery is used. Each phase comprises
twelve H-bridge modules which, for the sake of simplicity, are
driven by the NLC technique. Each module contains a single
20 Ah lithium-titanate-oxide (LTO) cell. The experimental
setup is presented in Fig. 11 (a detailed description of the
hardware and control architecture is given in [24]).

Four tests are performed at 50 Hz fundamental frequency
steady-state condition for different m and power factor values
(see Table I).
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TABLE I
TESTS CONDITIONS

Testn 1 2 3 4

m 0.451045]09] 0.9
cosyp 1 0.7 1 0.7
svm

‘ F

Testn. 1

/v [05 A/div,
~———— |

0.04 0 0.01 0.02 0.03 0.04

b

/"‘\/“ [0.5 A/div]
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Fig. 12. Experimental phase voltages and currents for all tests. svm method:
(a) Test 1, (b) Test 2, (c) Test 3, and (d) Test 4; opt method: (e) Test 1,
(f) Test 2, (g) Test 3, and (h) Test 4.

To achieve the two values of the power factor a different
combination of inductors and resistors is used: L = 2.94 mH,
R =30 Q for cosp = 1 and L = 103 mH, R = 3 Q
for cosp = 0.7. The four tests are repeated for opt and svm
methods, resulting in a total of eight experiments.

The three-phase voltages and currents are sampled by the
oscilloscope at 2.5 MS/s. These, together with the common-
mode voltage, are shown in Fig. 12 for all eight experiments.
For clarity, the first phase voltage and current have been
depicted with a thick black line and the magenta line represents
the common-mode component. As can be seen, the load
currents are substantially sinusoidal and symmetrical for all

Test 1:svim

NN
SREKKKKKKE

i10lA]
— —
S R —

0
3\ 0.25
0
<
ﬁ: 0.25
0
0 0.005 0.01 0.015 0.020 0.005 0.01 0.015 0.02
t[s] t[s]
Fig. 13. Experimental behavior of 12 cells currents during Test 1.

eight tests, with an amplitude only dependent on the operating
condition. This confirms that the load voltages are not affected
by the common-mode voltage component.

The 36 cell currents ipy, (with k& = 1,2,3 and n =
1, ..., 12) are derived from the measured phase currents using
the control switching signals. Each cell rms current value 1 ,
and dc current component 7 4c k., is then calculated, and the
quantities /7 and I[idc are obtained as per (24).

For the sake of brevity, only first phase of Tests 1 and 3
individual cell current behavior is shown in Figs. 13 and 15.
From Fig. 13, it can be noted that for the svm method only
cells from 1 to 5 contribute to the load power, while the cells
from 6 to 12 are completely disconnected. On the contrary,
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Fig. 14. Mean values of 12 cells currents during Test 1.

TABLE 11
TESTS RESULTS

Test . Svm method Opt method ES [%]
exp num exp num
. 12[pu] 0.555 | 0.575 | 0.456 | 0.450 1847
12 4 [pu] | 0.394 | 0.408 | 0.207 | 0.211
12[pu] 0.489 | 0.478 | 0.320 | 0316
2 2 35-43
12 4 [pu] | 0.208 | 0.200 | 0.118 | 0.116
3 13[pu] 1.12 | 1.15 | 1.03 | 1.06 015
12 [pul | 0.817 | 0.834 | 0.695 | 0.725 .
. 12[pu] 0.981 | 0.956 | 0.824 | 0.813 516
12 4 Ipu] | 0.427 | 0.409 | 0.393 | 0.381 )

the opt method tends to spread the power contribution among
a higher number of cells. This situation corresponds to the
mean current of the cells (/p 4c.1,,) as shown in Fig. 14, which
verifies the efficacy of the proposed technique to act in favor of
a Ip 4c k.n equalization, which ultimately reduces the /, hz 4 term.
The same considerations can be applied to Figs. 15 and 16.

The experimental (exp) values of the I; and I}, (nor-
malized with respect to K) are summarized in Table II for
all experimental tests. To corroborate the previous numerical
analysis, the numerical (num) values of the / hz and / hz 4c are also
exhibited. Moreover, according to the Randles dynamic 3 p3z
battery cell model shown in Fig. 8, the obtainable energy-
saving range is reported in the last column.

With reference to Table II, the good agreement between
the values reported in columns “exp” and “num” testifies the
efficacy of the theoretical analysis (within the experimental
error due to current measurement). In comparison with the svm
method, the proposed technique demonstrates a substantial
reduction of both the I and Ibz’ 4o Quantities, resulting in a
significant ES range.

As previously clarified, the exact value of the obtainable ES
eventually depends on the battery parameter » defined in (28).

VII. CASE STUDIES

To better evaluate the potential ES obtainable from the
proposed technique in a real-world application, an ESS and a
BEV are considered and numerically evaluated in MATLAB/
Simulink environment. In both cases, a 12 module per arm
CHB converter is modulated using phase-disposition 10 kHz
PWM, and the battery losses are computed by means of
the instantaneous currents flowing in the Ry, R;, R», R3
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Fig. 15. Experimental behavior of 12 cells currents during Test 3.
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Fig. 16. Mean values of 12 cells currents during Test 3.

resistances of the Randles dynamic battery cell model. The
battery pack is based on the parameters for an ANR26650M1A
cell which are available in [23].
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TABLE III

TABLE IV
ESS APPLICATION

Converter conduction losses P. have been calculated as

P.=3N(V, + R (29)

where V; is the fixed forward/reverse voltage of the power
module, (i.e., the power switch/reverse diode fixed ON-state
voltage drop), R, is the forward/reverse resistance of the power
module (i.e., power switch/reverse diode forward resistance).

To calculate the switching losses Pgy, the variation of the
current and the voltage is considered linear in a switching
interval (this assumption allows the computation of the switch-
ing energy with a good accuracy)

Py = (2/7T)fsw(t0N + tOFF)IVb

where fy is the switching frequency, and oy and fope are the
ON and OFF times, respectively.

(30)

A. BEV Application

A 110 kW/40 kWh BEV is driven by a CHB equipped with
International Rectifier AUIRF8739L2TR MOSFETs. The main
parameters of the system are derived directly from the 110 kW
version of the Nissan Leaf. The numerical investigation is
performed with reference to the worldwide harmonized light
vehicle testing procedure (WLTP) driving cycle [25] and
repeated for both svm and opt methods. The main system
characteristics and results are summarized in Table III.

The battery losses are comparable with the total MOSFET
losses. The reduction of the battery losses obtained using
the proposed opt modulation method is significant (27.5%).
This large saving is due to the nature of the application:
given the speed profile associated with the driving cycle,
the motor works mainly either at low m/high power factor
or at high m/low power factor. The reduction of the battery
losses leads to a tangible gain in the battery pack efficiency,
which, increases from about 93.3% to about 95.1% under the
considered test conditions.

B. ESS Application

A 3 MW, 3 MWh ESS equipped with Semikron
SKM200GB17E4 IGBTs and connected to a medium voltage
grid of 11 kV is considered. The ESS undergoes a complete
charge/discharge cycle at rated power at unity power factor
whilst adapting the m to maintain a constant output voltage
of 11 kV as the battery pack is charged/discharged (and so the
cell voltage varies). The simulation is repeated for both svm

. . Converter Rated power 3 MW | Switching loss 3.53 kWh
Vehicle type Nissan Leaf output energy 2530 Wh Rated voltage 11 kW | Conduction loss | 12.2 kWh
Rated power 110 kW || Switching loss 4.6 Wh Storage energy 3MWh | Ev™ 27.6 kWh
Rated voltage 220 V | Conduction loss | 114.0 Wh Modules per arm 12 Eﬁpt 24.6 kWh
Storage energy 40 kWh | L™ 188.2 Wh Cell type ANR26650M1A Eﬁ‘)’m — ovt 3.0 kWh

: b b :
Modules per arm 2] B 136.4 Wh Switch type SKM200GB17E4 | ES 10.9 %
Cell type ANR26650MIA | 1y — B 51.8 Wh
Switch type AUIRF8739L.2TR | ES 275 % and opt method, and the main results are reported in Table IV,

together with the system main data.

The energy-saving is lower than that found for the BEV
case because the ESS application is characterized by higher
m values and operates at unitary power factor.

VIII. CONCLUSION

This work presents a novel MPPA modulation strategy
for three-phase, single-star CHB converters with distributed
dc sources. Exploiting the degree of freedom in the voltage
shared by all phases, an optimum common-mode voltage
injection law has been derived, which minimizes the sum of
the rms current flowing through each dc source. The technique
significantly reduces the sum of the square of dc current
components flowing in each dc sources such as batteries,
which exhibit dynamic RC-type behavior. This reduces the
loss in the battery and hence prolongs the battery life. The
proposed method could be implemented in other types of
modular multilevel cascaded converter.

Experimental tests on a 36-cell full-bridge CHB converter
validate the simulations and numerical derivations. The obtain-
able battery energy-saving is dependent on the battery parame-
ters and on the converter m and power factor. Using previously
validated battery cell parameters, BEV and ESS applications
have been investigated, showing that significant ESs can be
achieved if the proposed modulation technique is applied.

APPENDIX

With reference to a sinusoidal and symmetrical currents

set [see (11)], the conditions v} = v} .. (up injection) and
* *

v} =}, (down method) result in the same I} expression
Ibz,up = Ibz,down
K(n/Z - 36/4), for m <1//3
=1 KC, for 1/4/3 <m=<2/3 3D
KD, for m > 2/3.
With:
24 (2= L )eoso) |\/GBm2 - 1)
— — ——Jcos m? —
3 om? 4
C = (2 3v3) &
—2arccos +
()
B ; cos(2¢p)
2/ (Bm? = 1)’ + /3(9m? — 6m*> —2
|2/ =) V3o - o - 2)|
b=1"12/Gm>~1)+4z =33 m i
+ —arccos| ——=
L 12 (m«/g)

(33)
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2 T
Iy qua1 = K(E —m cosgo)
Rz = K[20 - % — mcosp +2E(18 + F cosCp — 7/3))]
i T 3
Ibz’dud’3 = K|2a — 5 + \/7_ ++/3 Gceos(2p) —3mcosp + E(36 + Fcos(2¢)):|
) R - T
Iy quaa = K _205 — 5 T mcosp + 2E(l8 + Fcos(2go + E))]
- . -
I}idud’5 =K|a—¢— % + % + Gsin<2¢ + %) — m(cosqp +4cos(¢ + %))/3 + E(lS + Fcos(2¢ + %))
2 2 B
Iy aua6 = To.aua 3
3
Ibz’dud,7 =K|a—¢— % + % + Gsin(2¢ + %) — m(cosqp +4cos(¢ — %))/3 + E(IS + Fcos(2¢ — %))
?: 21 6m* —2 9m? —2 ]
Y 7 N e WO e
18 m? 18m?
H m2—1 ,1( 1 ) (38)
= ; a=sin | —
3 V3m
From the svm and third injection, instead, it is, L5 _ _ L5 . .
=——balancing deactivated =——balancing deactivated
2 i et i
Iy thira = Km(ﬁ T30 ) G4 _ \ B
B g
wo lines | .9
cos(2 (6 - \/g) (\‘t«DO_5 k s two lines
I om = Km (3—~/§) Go) . (3%)
s 6 4 -0 ; ;
0 | a) 0 717,) ]
For the chop method it is, 0 ?,,5 ! 0 3’,? !
2
Ib,chop Fig. 17. Effect of the balancing action on (a) 13 and (b) I,idc for opt method.
Km(1 + cos(2¢)/3), form <1
.1 T cos(2¢p) )
_ sin —)—=4+m +1 . .
=1k m 2 3 for m> 1 influence the total battery loss because it does not change the
cos(2¢p) ’ ’ number of cells conducting current at any one time; this is
+vH(1-2H ) )
3m? determined only by the arm voltage reference. The inter-arm
(36) balancing can be achieved by adding a fundamental component
Finallv. the dud hod i 0, pa t0 the common-mode voltage calculated as part of the
inally, the dud method gives opt method. In this case, the limits (3) for the common-mode
]bz, dud voltage modify as follows:
'Ibzdudl, formgl/«/g .
»dud, . — —NV,—mi * ) g *
I2quaas for 1/3/3 <m=<2/3 and g <& — 7 /2 {”‘;mm o ’ mm(f:dk) mm(ljﬁbdl) (39)
I s for 1/3/3 <m=<2/3 and |p| < 7/2—a Vomax = N Vi —max () =max (v pa)-
- 2 _
=\ lrauas for1/¥3 <m=2/3 and g >z/2~a Due to the slow evolution of battery SoC, a strong and fast
If,dudjs, form >2/3 and ¢ <7/6—a balancing action is not normally needed, i.e., the magnitude
Ibzdud 6, form>2/3 and |p| <a—m/6 of the balancing power can be chosen as a few percent
Ib2,dud,7’ form >2/3 and ¢ > G — /6 of the rated value, producing a minor effect on the battery

(37

where, (38), as shown at the top of the page.

In this work, all the batteries (dc sources) in each CHB
module are assumed to be perfectly balanced so that they have
the same voltage V. Battery SoC balancing within an arm
can be achieved by sorting approaches. The sorting does not

losses. For example, fixing v}, at 5% of NV, for ¢ = 0,
the quantities 77 and Iidc obtained from the opt method are
shown in Fig. 17(a) and (b) with balancing action deactivated
(blue lines) and activated (black dashed lines).

This indicates that the extra loss due to balancing action may
be neglected; similar results have been found for different ¢

values.
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