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Abstract—This paper presents a hybrid amplifier for an ac
power source (ACPS). The topology is composed of a modular mul-
tilevel converter (MMC), operating as main amplifier, connected
in series with a linear power amplifier (LPA), which operates as
correction amplifier. This way, it is possible to gather the modu-
larity, reliability, and high efficiency provided by the MMC and
the high waveform fidelity provided by the LPA. Additionally, it is
possible to reproduce a voltage waveform with a high bandwidth
and, differently from previous works, with a topology that requires
a unique dc voltage source for the main amplifier. The inner cur-
rent and the submodule capacitor voltages are controlled in the
MMC. Meanwhile, the LPA is controlled to define the output volt-
age. A design methodology and experimental results are included
to demonstrate the operation of the ACPS topology.

Index Terms—Hybrid ac power source (ACPS), modular multi-
level converter (MMC), series configuration.

I. INTRODUCTION

N last decades, the development of power electronics tech-
I nology has driven the evolution of static power convert-
ers in terms of dynamic response, efficiency, and power den-
sity [1]-[3]. These features have prompted the power electronic
engineers to look for new applications. Among these new ap-
plications stands out the power amplifiers, which formerly em-
ployed only linear electronic systems (such as class-A, class-B,
and class-AB amplifiers). Despite the high fidelity provided by
the linear technology, these systems inherently have low effi-
ciency due to the transistor bias circuit [4].

On the other hand, in applications where the fidelity is not the
main concern, switching mode amplifier technologies, such as
class-D and class-E amplifiers, can be used. It is well known that
such switching amplifiers usually present high efficiency, since
they employ transistors operating just in the cutoff and saturation
regions. However, the switching amplifiers suffer with time-
delays, nonlinearities, electromagnetic emissions, and limited
bandwidth due to passive filtering requirements [5], [6].
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Based on these features, the interest in hybrid power am-
plifiers (HPA) has emerged recently, aiming to overwhelm the
aforementioned limitations, gathering, into the same topology,
the high fidelity waveforms provided by the linear power ampli-
fier (LPA) and the high efficiency achieved with switched-mode
power amplifiers (SMPA). The HPAs have been implemented
through the association of an LPA and an SMPA in series [5]-[8],
parallel [9]-[11] or envelope configurations [12], [13]. In the se-
ries configuration, the SMPA synthesizes a voltage waveform
close to the reference signal, while the LPA makes only small
corrections, mitigating the differences between the SMPA volt-
age waveform and the reference signal. Hence, the LPA (cor-
rection amplifier) processes a small amount of the load power
whereas the SMPA (main amplifier) supplies the most of the load
power. As discussed in [7], the series configuration is suitable
for ac power source (ACPS) applications, where the high effi-
ciency of an SMPA together with the fast dynamic response and
reliability of an LPA result in a suitable performance [14]-[16].

Regarding to the main amplifier, multilevel converters enable
the use of semiconductors with low blocking voltage and associ-
ated low on-state voltage drop, so that it is possible to reduce the
conduction losses [17]-[22]. Usually, cascaded multilevel con-
verters have been used to implement the main amplifier stage
due to its inherent modularity [6], [7]. However, the conven-
tional cascaded multilevel converter requires isolated dc voltage
sources to supply each cell, increasing the complexity, weight,
and system cost implementation. To overcome this disadvan-
tage, a new multilevel configuration called modular multilevel
converter (MMC) was proposed recently [18]. Nowadays, the
MMC is one of the main state-of-the-art power converters for
high power and high voltage applications (e.g., high voltage di-
rect current transmission), but it can also be attractive for low
power applications, since it is possible to increase the number of
levels easily, even using a unique dc voltage source [18]-[34].

Based on this fact, this paper presents an HPA topology,
which uses the MMC operating as main amplifier [25]. This
topology requires only one dc voltage source to supply the main
amplifier, simplifying the HPA input power stage in comparison
with previous works [6], [7]. A theoretical analysis is shown
to demonstrate the basic operation of the HPA and its control
system. In addition, a design methodology is proposed to define
the main parameters of the MMC and the dc bus voltage level
of the LPA. Experimental results are also included to evaluate
the proposed HPA under distinct operating conditions.

This paper is organized as follows: Section II presents the pro-
posed hybrid ACPS topology. Section III discusses the control
approach of the main and correction amplifiers. In Section IV, a
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Fig. 1. Proposed hybrid ACPS topology.

design methodology is explained. Section V presents the exper-
imental validation of the proposed topology. Finally, Section VI
summarizes the paper and presents the main conclusions.

II. HYBRID ACPS TOPOLOGY

The ACPS considered hereinafter is based on a series HPA
topology, composed of an MMC, operating as main amplifier,
and an LPA, operating as correction amplifier. This ACPS should
synthesize a controlled voltage waveform to the load Z,, as
presented in Fig. 1. Basically, the LPA acts as a series active
power filter with a high bandwidth, processing a small amount
of the load power. On the other hand, the MMC is designed to
supply most of the load power, since it has a better efficiency
than the LPA.

A. Basic Operation of the MMC

The adopted MMC structure, shown in Fig. 1, is based on a
full-bridge configuration to reduce the amplitude of the dc bus
voltage level V., for a given output voltage amplitude. Each leg
x (z = {a,b}) is composed of two arms y (y = {p,n}). These
arms have a series connection of N half-bridge submodules
(SM) and also include an inductance L to limit the current
ripple at switching frequency through the arms. As can be seen
in Fig. 1, an output capacitor Cl, is added to the MMC ac output
to implement an equivalent second-order low-pass filter with
the effective ac inductance caused by the arm inductors. This
second-order low-pass filter should reduce the v, () switching
harmonics and guarantee that the voltage ripple amplitude is
within the limits of the LPA output voltage capability.
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Fig. 2. Theoretical waveforms with sinusoidal reference and resistive load.

Each arm synthesizes a multilevel voltage, which depends
on each SM output voltage v, ,; (t) (k =1,2,..., N). To syn-
thesize the multilevel arm voltages, the modulating signals of
each SM are compared with phase-shifted triangular carriers
to generate the command signals for the SM switches. With a
phase-shift (PS) modulation strategy it is possible to synthesize
2N +1levels in the leg voltages and, consequently, 4 N 41 levels
in the MMC output (phase-to-phase) voltage [21], [24].

The SM voltages v, , (t) generates a virtual voltage before
the second-order filter, which is composed of each arm voltage
Uy y (t), defined as

vab.virtual(t) = Ua,n (t) — ’Ua,p (t) ; Yb,n (t) + Ub-,p (t) (l)

where

Ve () =D Ve (8). )

k=1

The virtual voltage v, virtual(t) is filtered by the second-
order low-pass filter, resulting in the MMC output voltage
Vap (t). And, the ACPS output voltage v, () is given by

Vo (t) = ve(t) + van (). 3)

It is important to highlight that the output voltage waveform
v,(t), obtained from the voltages synthesized by the MMC
vab () and by the LPA v,.(t), presents a high-fidelity, when
compared to the reference signal. The main theoretical volt-
age waveforms for eight SMs in the main amplifier (N = 2)
are shown in Fig. 2(a). The filtered output voltage of the main
amplifier v,;,(¢) can be seen together with the virtual multi-
level pulse-width modulation (PWM) voltage vap, virtual (t) in
Fig. 2(a). The waveform synthesized by the linear amplifier is
the compensation voltage v, (¢). According to (3), the associa-
tion of these two voltage waveforms results in a high fidelity
output voltage v, (), as can be observed in Fig. 2(b).
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With the MMC operation, the arm currents i, , (¢) and i, ,, (t)
ideally have a dc component and a fundamental frequency ac
component. This ac fundamental component of the arm current
flows through the SMs capacitors, resulting in an SM capaci-
tor voltage ripple at the fundamental frequency and its multi-
ples [27]. The interaction between the arm inductors and the SM
capacitors also results in circulating currents composed predom-
inantly of the second-order component és 7 . (t). Moreover, high-
frequency components also occur if the modulation strategy re-
sults in nonzero voltage across the arm inductors [33], [34]. So,
the arm currents can be defined as

1y (1)

iﬂ?wp (t) = id(‘,‘ﬂ) (t) +

+iagga(t) +igsa(t) (4

2
i (1)
2

ix,n (t) = idc,z (t) - +12fz (t) + Zf&,:t(t) (5)
where iq4. . (t) refers to the active power extracted from the dc
source and it is equally distributed in all SMs of one leg, i, (t)
is the output leg current, 97 , (¢) is the low-frequency circulat-
ing current component at twice the fundamental frequency and
its,2(t) is the high-frequency circulating current component
that appears when the modulation strategy produces nonzero
voltage across the arm inductors L.

In addition, the MMC operation results in an internal current
iint - (t) in each leg x, which is composed of the common com-
ponents of the arm currents i, , (t) and i, , (t) [22]-[34], given
by

Z.int,:r, (t) - 2

(6)

B. MMC Equivalent Circuit

An MMC equivalent circuit is developed in this section. This
helps on the understanding of MMC concepts related to the
power balance in the circuit, as well as to derive simplified
dynamic models for the MMC control system and ACPS design.

Applying the Kirchhoff voltage law to an MMC leg leads
to the following equivalent dc and ac side dynamic equations
related to the current variables

of dige, (1)

dt = ‘/dcl - fD.’E,p (t) - ID-’B," (t) (7)
Ldi,(t)  pn(t) —ve,(t) B
Ry T 5 v, (t) ¢))

where 7, (t) are the dc components of the MMC arm voltages.

The inductances in (7) and (8) can be used to define equivalent
dc and ac side inductances, respectively, as
L

Leac =2L and L o = 3 9

Moreover, the SMs operation inserts or bypasses the capaci-

tors in an arm, connecting these ones in series. This way, the min-

imum capacitance C,;, that arises in the MMC arm, used in the
MMC equivalent circuit, can be calculated through [23], [27]:

C

Chin = N (10)
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On the other hand, the current and voltage components
through Cp,;, can be represented by dependent current and
voltage sources, which vary according to the modulating sig-
nals. These dependent sources relate the currents iq. ,(t) and
i, (t), defined in the previous section, with the capacitor currents
ic.e.y(t) andic ;. , (1), such as

gC.,a",.,y (t) = Mdc,z (t)idc,:r, (t)

1D
i (1)
2

and relates the arm capacitor voltages vc . ,, (t) with the output
SM voltages 0, ,,(t) and vy , (t)

%CA,;!:,y (t) = [mac,.’v (t) + mrefA,;l?(t)} (12)

Uy oy () = Mac (D) ve 2y (t) (13)
Uy (B) = My () Ve 2y () (14)
where
My p(t) = Mac,e (t) + Mac,z (t) — Mrer,a () (15)
My 0 (t) = Mo (t) + Maco (B) + Muer (1), (16)

According to (15) and (16), the modulating signals for the
positive and negative arms, m, ,(t) and m, ,, (t), respectively,
are composed of a dc component mgc . (t), an ac component
Mac,» (t) and an ac reference component Mmyef 4 (t). The com-
ponent my. . (¢) is used to regulate the sum of the dc capacitor
voltages in each leg to 2V{;.1, and its value is ideally equal to 0.5.
The term myef . (¢) is the main ac component used to define the
ACPS output voltage waveform, where mef o (t) = —myer i ().
Moreover, the component m,. . (t) is an ac contribution pro-
duced by the control system to balance the arm voltages in each
leg.

An equivalent circuit for an MMC leg can be conceived from
(7)—(14) as shown in Fig. 3. Basically, this circuit presents the
virtual power transfer from dc side to ac side through one MMC
leg, which occurs when a load is connected to the ac side.

From this circuit, it is also possible to obtain dynamic equa-
tions related to the sum and subtraction of the equivalent ca-
pacitor voltages, since they have to be controlled [33], [34].
Considering just the components that contribute to the active
power processing, the dynamic equations are given by

dvd (1) ) )
minT = 2ide,a (t)mdc,w(t) — (t)mref,az (t) 17)
dvg . (t
C(min Cd’iz() - 7/1 (t)ma(z (t) (] 8)

where vg_x (t) is the sum of the equivalent capacitor voltages
and v  (t) is the subtraction of these ones.

C. Linear Power Amplifier

The LPA guarantees the desired high fidelity voltage wave-
form (compared to the reference signal) at the output of the
ACPS. Therefore, the called correction amplifier should com-
pensate for the voltage ripple of the main amplifier, phase
displacement and possible under/overshoot caused by load
changes.
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Fig. 3. Equivalent model for an MMC leg.
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Fig. 4. MMC control system applied to the leg x.

The compensation capability of the correction amplifier is
limited by its dc bus voltage level V.2, which directly influ-
ences the LPA conduction losses. As already known, the linear
technology has low efficiency, such as the class A that has a max-
imum efficiency of 50% or class AB with efficiencies around
75% [8]. To maximize the LPA efficiency and, consequently,
the overall ACPS efficiency, the LPA dc bus voltage should be
adequately designed, as addressed in Section IV.

III. HPA CONTROL SYSTEM

The proposed HPA control system should guarantee high fi-
delity of the ACPS output voltage. Based on this specification,
the main amplifier output voltage v,y, (¢) is open-loop controlled,
while the correction amplifier is closed-loop controlled to syn-
thesize the output voltage v, (t) as close as possible to the ref-
erence Uyof (t). Therefore, the output impedance and the overall
stability of the HPA are determined exclusively by the correction
amplifier [6], [7], [14].

A. MMC Control Approach

The MMC control system has three control loops for each
leg: one to control the inner current, reducing the circulating
components, and other two to set the inner current reference
through the sum and subtraction capacitor voltages loops [33].

Fig. 4 shows the block diagram of the complete MMC control
system. The outer voltage control loops aim to provide the refer-
ence of the inner current loop and, consequently, to maintain the
power flow balance between the load and dc bus. The sum and
subtraction voltage control loops ensure, respectively, that the
sum of all capacitor voltages in a leg is equal to 2V, and the
difference between the arm capacitor voltages is equal to zero.

s %5 Ve \ =

l_zx(mac’x + mref.x)

T

Modified [ Switching

[ Signall
Phase-shift |» ©180als
Modulation > Legx

Vexpk  Vexnk

With these control loops, the power balance of the converter is
guaranteed [33], [34].

Therefore, the arm modulating signal m,, , (¢) is obtained by
adding up the resulting control action of the inner current loop
to the reference signal

/,n’\l(iul‘ (t>

—N—
1
ma:,p(t) = 5 + Amdcw (t) +Mac o (t) — Myef (t)
1
= 5 + Mint, 2 (t) - ml‘ef,w(t) (19)
1
Mg n (t) - 5 + Amdc,m (t) + Mac,z (t) + Myef o (t)
1
= -+ Mint,x (t) + mrefﬁw(t) (20)

2

where My, (t) is the open-loop reference signal, which rep-
resents the desired output voltage waveform, and iy , (t) is
the resulting control action of an MMC leg, which is the sum
of the dc component variation Amyq. . (t) and the ac compo-
nent Mmye 5 (t). The term Amyg. . (t) controls the dc component
of the inner current and, as mentioned before, the ac compo-
nent m,. , (t) controls the fundamental component of the inner
current for the positive and negative arm voltage balance.
Since dc reference signals are applied to the inner current
and outer voltage control loops, proportional-integral (PI) con-
trollers are used in Cint(s), C,f (s), and C, (s). Additionally,
to minimize the ac component in the inner current at twice of
the output fundamental frequency, the outer control loops band-
widths should be slower than the ripple frequencies present in
the sum and subtraction of the capacitor voltages. Additionally,
the inner current control loop should have a high bandwidth
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Main Amplifier

Vref

Correction Amplifier

Fig. 5. HPA output voltage control system (similar to [6]).

to track the inner current reference with satisfactory dynamic
performance.

It is important to highlight that the outer voltage control loops
do not guarantee the individual capacitor voltages balancing for
the SMs of the same arm. This way, the individual capacitor
voltages are balanced by a sorting algorithm combined with PS
modulation, which selects the SMs according to the capacitor
voltages and arm current direction [34].

B. LPA Control Approach

In series configuration of HPAs the output voltage of the main
amplifier is usually open-loop controlled. On the other hand, the
correction amplifier is controlled in closed-loop to guarantee
that the output voltage tracks the reference signal [6], [7]. Fig. 5
shows the control diagram of the correction amplifier, which
controls the output voltage of the ACPS [6]. The main amplifier
reference v, (t) is applied directly to the correction amplifier
terminals through the resistor [ys.

IV. ACPS DESIGN METHODOLOGY

This section presents an ACPS design methodology to define
all dc bus voltage levels, passive components of the output low-
pass filter as well as SMs capacitance. For this analysis, the
following assumptions are considered:

1) the output low-pass filter cut-off frequency is around one

decade below the equivalent main amplifier output switch-
ing frequency (i.e., f,, = 4N f, /10);

2) the ACPS must guarantee a high-quality voltage waveform

for a load step from no-load to 40% of the nominal load;

3) the output voltage reference of the ACPS is a sinusoidal

waveform.

A. Main Amplifier DC Bus Voltage Level

The main amplifier has a single dc bus, which is defined by
the maximum output voltage amplitude that the ACPS should
synthesize, given by

V;,pk,max
ma

Vaer = ey

where V, ;i max 1s the maximum amplitude of ACPS output
voltage and m,, is the desired amplitude modulation index.
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Fig. 6. Arm inductor current ripple analysis. (a) Equivalent circuit. (b) Theo-

retical voltage and current ripple waveforms.

B. Output Second-Order Low-Pass Filter

The output second-order low-pass filter is composed of a ca-
pacitor Cy;, and an equivalent output inductance L. ,.. This
inductance can be computed from the arm inductance L, which
can be determined from the specification of the maximum arm
inductor current ripple. Then, the capacitor Cl,;, can be deter-
mined from the specified cut-off frequency of the output filter,
which had been defined at one decade below the equivalent
output switching frequency (4N f,/10) to minimize the dc bus
voltage level of the correction amplifier. However, it is neces-
sary to verify if the output voltage ripple is below the voltage
capability of the LPA.

Therefore, to obtain the instantaneous and the maximum cur-
rent ripple in L, 4., an equivalent circuit is shown in Fig. 6,
based on the dc side of the equivalent circuit analysis presented
in Section IIL. In this circuit, the SM capacitors are replaced by
dc voltage sources, to guarantee that only the high-frequency
circulating current components are present.

Applying PS PWM in the equivalent circuit shown in
Fig. 6(a), the arm inductor voltage v qc(¢) and the instan-
taneous peak-to-peak current ripple Ading pik-pk (t) can be ob-
tained, as shown in Fig. 6(b). The peak-to-peak value of the
current ripple can be found as

Vae1 Aty (t)

AZ1nt ,pk- pk(t) i3 4 N
e,dc

(22)

where At; is the time interval in which voltage Vj.1/N is ap-
plied across L, .

To define the maximum current ripple in L, 4., the time in-
terval At is obtained in sectors. This time interval is used to
define the peak-to-peak current ripple through the arm inductors
in each sector and is obtained by subtracting the nearest volt-
age level f(t) from the sinusoidal reference waveform g(t), as
illustrated in Fig. 7(a). In addition, in some levels, the resultant
waveform must be multiplied by —1, as can be seen in the lower
graphic of Fig. 7(a). So, the instantaneous time interval can be
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Fig. 7. Current ripple analysis. (a) Auxiliary waveforms to obtain the peak-

to-peak current ripple. (b) Theoretical peak-to-peak value of the current ripple
and simulated current ripple waveforms with PS PWM and odd number of SMs
(Vge1r =400V, N =2, L =03 mH, f; = 10.08 kHz, m, = 0.78, and w, =
2760 rad/s).

computed as follows:

[( 1) ’g(t) v ’Jr o .
N — even
e i)
_1)f®+1, @ B (71)74“
{( 1)+ ‘N )+ ~ T
N — odd
(23)
where
g(t) = mgsin(wyt) 24)
f(t) = round(N'm,sin(w,t)) 25)

and the function round(z) rounds the value of z to the nearest
integer.

The maximum peak-to-peak current ripple can be obtained
from (22), and it is given by

Vd(:l
ALf;N?%'
For instance, Fig. 7(b) presents the theoretical peak-to-peak

current ripple, obtained from (22) for N = 2, and the simulated
current ripple from the equivalent circuit shown in Fig. 6(a).

A7;int,pk—pk,r}uax - (26)

C. Correction Amplifier DC Bus Voltage Level

As discussed before, the LPA dc bus voltage level should be
enough to compensate for the output voltage ripple and phase
lag introduced by the second-order low-pass filter and the mod-
ulation strategy of the main amplifier. In addition, the voltage
drop in the inductor as well as the voltage variations over SM

Output filter variation

A ?M dc bus voltage variation

r\Output voltage vap

()

/Output filter variation
SM dc bus voltage variation

!

Avab.pen

Output voltage v,,”

(b)

Fig. 8. Voltage variations for a load step change: (a) SM dc bus voltage
variation Av,y, ¢¢r1 and (b) output filter voltage variation Av,, pert-

le
Alo,step i

< ¥ Ve

(@)

Le,ac

Vab,virtual % Cab

(b)

7Vab 0 A]o,slep

Fig. 9. Equivalent models used in the voltage undershoot analysis. (a) Equiv-
alent circuit to determine SM dc bus voltage variation Av,1, ¢¢,1. (b) Equivalent
circuit to determine the output filter voltage variation Avyy, pert-

capacitors are both included as design parameters (note that an
undershoot over SM capacitors limits maximum modulation in-
dex of the main amplifier). Thus, the minimum dc voltage of the
correction amplifier can be expressed as

AUab,ripple + A'Ucap?ripple
2

+ maX(Avab,pcrt ) Avab,ctrl)

Vdc?qnin = + AUa‘b,pha‘se

27)

where Avy, ripple 1 the maximum output voltage ripple of the
MMC output voltage, Avcap ripple 1S the maximum SM capaci-
tor voltage ripple, which contributes to the output voltage oscil-
lation mainly when low-frequency waveform is synthesized, and
Ay phase 18 the maximum output voltage error introduced by
the phase displacement of the output filter and phase lag of the
modulation strategy under nominal load. Moreover, Av,p, pert
and Awv,y, (1 are the output voltage variations when a load step
occurs, as illustrated in Fig. 8, which have distinct dynamics.
The function max(z1, z2) returns only the largest element.

The variables Avyy, ripple and Av,}, phase Were already an-
alyzed in [7]. On the other hand, the variables Av,y, pert and
Auvyp, oyl resulting from a load step can be obtained from the
equivalent circuits shown in Fig. 9. One can observe from
Fig. 9(a) that the dynamic response of the total dc bus volt-
age control loop [which uses the controller C; (s)] is taken into
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TABLE I
PROPOSED ACPS PARAMETERS

System Parameter Value
Maximum output power So=1kVA
ACPS Maximum output voltage Vopk=[0311]V
Output frequency limits f:=1[30400] Hz
LPA Dc bus voltage Via=25V
. Rn =270 kQ
(MP111A) | Feedback resistors Ro = 8.89 kQ
SMs per arm N=2
Number of levels (vab) m=9
Total dc bus voltage Vit =400 V
SM capacitor voltages Veswk =200 V
Switching frequency £ =10.08 kHz
Sampling frequency fip =20.16 kHz
MMC Arm inductance L =300 uH
SM capacitance C=940 pF
. . Ca=3pF
Passive damping Ra=3. g I
Output filter capacitance Cab = 940 nF
Amplitude modulation index [m, =0.7778

account for estimating the SM dc bus voltage variation Av,p, cty1
caused by a load step A, gep. As the dynamic of the output
low-pass filter is fast compared to the dynamic of dc bus voltage,
the output low-pass filter is disregarded in the model shown in
Fig. 9(a). On the other hand, to obtain the parameter Av,p, pert
when a load step A, g Occurs, the dc capacitor voltages are
considered constant and the output second-order low-pass filter
is represented by the equivalent ac inductor L, . and the output
capacitor C'y},, as presented in Fig. 9(b).

D. SM Capacitor

The SM capacitor design should guarantee that the voltage
undershoot in all SMs capacitors due to a load step does not
exceed the dc bus voltage capability of the LPA. To simplify
the analysis, the voltage undershoot on the SM capacitors can
be disregarded if it is smaller than the output voltage under-
shoot on C}, for the same load condition. Therefore, assuming
that Avyp, ctr1 < AUapb pert and considering that these two per-
turbations do not occur at the same time, the Av,p, ¢, can be
neglected in (27). This condition must be guaranteed during the
design (as shown in the next section).

E. Design Example

Based on the proposed design methodology and using the
parameters presented in Table I, the abaci shown in Fig. 10 are
obtained and the HPA is designed.

Initially, a maximum peak-to-peak current ripple through the
arm inductors is defined. For this example, the maximum peak-
to-peak current ripple was defined as 65% of I, ,,x. Therefore,
using (26), the minimum inductance that guarantees this current
ripple is Ly, = 300 pH. Moreover, the capacitor C,j, can be
determined using L.,;, and the output filter cut-off frequency
specified in the design assumptions (4N f;/10). With this, the
capacitance Cyy, is 0.94 uF.
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Fig. 10. Design example. (a) Selection of Awvg,p, pert. (b) Selection of the
capacitance C'. (c) Output frequency limits for different sampling frequencies
of the modulating signals.
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the designed ACPS. (a) ACPS voltage waveforms for f, = 30 Hz. (b) ACPS
voltage waveforms for f, = 400 Hz.
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After defining the output filter capacitance Cj},, one can ob-
tain the output voltage variation Av,), pere When a load step
A, step Occurs by using the abacus presented in Fig. 10(a). In
this example, the load step from no-load to 40% of the nom-
inal load is used in Fig. 10(a) to obtain the voltage variation
AU, pert, Which is defined as Av,y, 409 and is equal to 20 V.

In addition, Fig. 10(b) shows the abacus used to design the
SM capacitors, using an outer voltage control loop bandwidth
equal to 6 Hz. In this design, the Av,y, ¢ty must be lower than
Avyp, pert- With this, a minimum SM capacitance equal to C' =
0.94 mF should be used, considering the critical voltage varia-
tion Avyp, ctrl = AVab pert = AVapb, 40% > as shown in Fig. 10(b).
This capacitance is the minimum value that guarantees the con-
dition Avyp, ctr1 < AUsb pert-

It is important to note that voltage oscillation across the SM
capacitors become significant when a low frequency is synthe-
sized [29], limiting the minimum output frequency of the ACPS.
On the other hand, if a high frequency reference should be syn-
thesized by the ACPS, the phase displacement of the output
filter and the phase lag of the modulation strategy become sig-
nificant. To analyze these effects, the minimum dc voltage of
the correction amplifier V2 min 1S obtained for different output
frequencies of the ACPS, as shown in Fig. 10(c). In this design
example, the minimum and maximum output frequencies of the
ACPS are 30 and 400 Hz, when the sampling frequency of the
modulating signals f, ;f is twice the switching frequency f;.
However, if the sampling frequency of the modulating signals
fsp ret, the SM capacitances and/or the dc voltage level of cor-
rection amplifier are increased, the bandwidth of the ACPS can
also be increased.

In addition, to demonstrate the behavior of the ACPS with
minimum and maximum reference frequencies, simulation re-
sults are presented in these frequencies. Fig. 11(a) shows the
voltage waveforms synthesized by the main amplifier (v, ) and
correction amplifier (v.), as well as the ACPS output voltage
(v,) for minimum reference frequency. Fig. 11(b) presents the
same waveforms for the maximum reference frequency. These
simulation results demonstrate that the LPA is operating close
to the clamp condition, i.e., near to the designed dc bus voltage
Vae2 (25 V).

DSP and FPGA
Control Boards

. Auxiliary
Gate-Driver Voltage Source

Boards § < /

Isolated DC Bus

DC Bus Voltage Sensing

Capacitors

V. EXPERIMENTAL RESULTS

Some experimental results are presented in this section to
verify the performance of the proposed topology. Pictures of
the experimental setup are shown in Fig. 12 and Table I sum-
marizes its main parameters. The main amplifier is controlled
by a DSP TMS320F28335 (Texas Instruments), which trans-
mits the control actions to the FPGA Spartan 6E (Xilinx). The
FPGA implements the modified PS modulation to select the
SMs accordingly with their dc bus voltage level. The correc-
tion amplifier used is the commercial MP111A amplifier from
Apex. The output voltage total harmonic distortion (THD) and
efficiency results were obtained with the digital power meter
Yokogawa WT1600.

First, the nine level virtual multilevel waveform (vrefﬂvms =
220V at 60 Hz) synthesized by the MMC is shown in Fig. 13(a),
which is computed from (1). On the other hand, Fig. 13(b) shows
the performance of the MMC control system under a load step
change from O to 1 p.u. (P, from 0 to 1 kW). One can observe
that the SMs dc bus voltages remain regulated even under this
large disturbance.

The MMC output voltage, the correction amplifier voltage,
the ACPS output voltage and current waveforms for a sinusoidal
reference signal (vref ms = 220 V at 60 Hz) and resistive load
(P, = 1 kW) are shown in Fig. 14(a). As can be seen, the output
voltage waveform presents a high quality, with THD equal to
0.25%.

It must be remembered that dynamic response of the whole
system is defined by the correction amplifier, which also com-
pensates the ripple produced in steady-state condition by the
main amplifier as well as in transients due to a suitable am-
plitude for V.o (designed for a load step equal to 40%). The
use of a small Vj.o allows reducing the conduction losses of
LPA, which makes the ACPS efficiency higher. To validate the
ACPS design, Fig. 14(b) shows the dynamic behavior of the
system under a load step change from 0 to 0.4 p.u. (P, from 0
to 405 W). As shown in Fig. 14(b), the load step change does
not affect directly the output voltage of ACPS, which maintains
a high fidelity.

Fig. 14(c) shows the ACPS output voltage transient under
a load step from O to 1 kW, in order to shown the behavior
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and (¢) 0 to 1 kW (FP = 1). (d) Arbitrary waveform results (vyof yms = {220, 220/3, 220/5, 220/7} V at {60, 180, 300, 420} Hz) with nominal load.

when the load step change is higher than the load step used in
Vico design (40%). In this case, LPA saturates in the transient
because the load step applied (100%) causes an undershoot
greater than the designed Vi.o (25 V), distorting the ACPS
output voltage waveform. Moreover, experimental waveform
components vyt yms = {220, 220/3, 220/5, 220/7} V at {60,
180, 300, 420} Hz are shown in Fig. 14(d) and demonstrate the
good waveform quality of the output voltage.

The whole system efficiency (taking into account the main
and correction amplifiers) can be seen in Fig. 15(a) for the entire
load power range and with resistive load. The proposed HPA

achieved a maximum efficiency of 92.5% at nominal resistive
load. Basically, the efficiency improvement can be attributed
to the absence of an additional power stage to implement the
isolated voltage sources required in the conventional cascaded
multilevel converter [6], [7].

The THD of the voltage waveforms synthesized by the MMC
(vap) and by the entire ACPS (v,) for the entire load range
can be seen in Fig. 15(b). It is possible to note that the THD
of the ACPS output voltage (around 0.25%) is not affected by
the distortion of the main amplifier, which increases for higher
power levels.
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VI. CONCLUSION

This paper proposed a hybrid topology for ACPS application
composed of an MMC, operating as main amplifier, and an
LPA, operating as correction amplifier, associated in series. By
combining these different technologies it is possible to achieve
modularity, high fidelity, high bandwidth (due to the use of an
LPA as correction amplifier and the MMC as main amplifier) as
well as high efficiency.

This topology uses a single dc power source to supply the
MMC dc bus voltage without the need of transformers in the
input power supply, but increases the complexity of the control
system when compared to other topologies. Results included
in this paper demonstrate that the proposed ACPS has good
steady-state and transient performances, which assure high ef-
ficiency as well as satisfactory output voltage distortion (THD).
Therefore, authors believe that this topology can be a candidate
for high-performance ACPS applications.
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