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Abstract—AC test power sources are essential for testing elec-
tric equipment that is ac-mains connected. Typically, linear power
amplifiers (LPAs) are mainly employed as ac test sources because
of their high fidelity and excellent dynamic behavior. However,
these LPAs have very high losses in their output stages, which
make the systems bulky and expensive due to the large heatsinks
that are required. In recent years, two approaches have attracted
popular interest to improve the efficiency of ac power sources.
These are hybrid operation, i.e., combination of linear and switch
mode, and multilevel switch-mode inverters. In this paper, three
types of multilevel power amplifiers, based on hybrid or switch-
ing technology, are presented, namely: hybrid multicell amplifier
(H-MCA), amplitude-modulated (AM) + pulsewidth-modulated
(PWM) MCA (AP-MCA), and PWM MCA (P-MCA). For each of
these topologies, the operating principle and control scheme are
introduced. Finally, a 1-kVA laboratory prototype, which can real-
ize all the three topologies, is built, and the measured performance
based on this universal prototype are compared.

Index Terms—Linear power amplifier (LPA), multicell inverter.

I. INTRODUCTION

AC TEST power sources are essential for testing electric
equipment that is connected to the ac mains. These ac test

sources are required to have low output impedance, clean output
voltage, and highly dynamic behavior so that they are able to
simulate different mains conditions in order to realize different
tests on the electric equipment.

Presently, linear power amplifiers (LPAs) are mainly em-
ployed in ac test sources because of their high fidelity and ex-
cellent dynamic behavior. However, these LPAs have very high
losses in their output stages, which make the systems bulky and
expensive due to the large heatsinks that are required. In recent
years, switch-mode power amplifiers, mainly class-D and class-
E amplifiers, have replaced LPAs in various applications where
high fidelity is not required. The main reason for their use is
that they have a much higher efficiency, which results in the
realization of a compact and low-cost design. However, switch-
mode power amplifiers produce additional EMI and a suitable
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low-pass filter is necessary between amplifier and load. This re-
sults in two disadvantages: first, the system bandwidth is limited
by the low-pass filter, and second, the output impedance of the
amplifier is significantly increased at the natural frequency of
the low-pass filter.

Therefore, there is growing research interest in realizing high
efficiency and high-bandwidth ac power sources by combining
LPA and switch-mode converters that result in the reduction of
the system losses while keeping the high dynamic performance
of the LPAs.

Since the power losses of LPA are terminated by the voltage
drop across the power transistors and the current flowing through
the power transistors, there are only two approaches to lower
the power losses, i.e., decreasing the voltage drop across the
power transistors or reducing the transistor currents. All the hy-
brid topologies are based on these two considerations. Yundt [1]
classifies the composite amplifiers into four groups: series volt-
age, parallel voltage output, parallel current, and series current
output. However, this classification does not include another
hybrid topology that employs a tracking power supply (TPS)
to adjust the supply voltages according to the required linear
amplifier output voltage. This topology can significantly reduce
the voltage drop across the linear amplifier power transistors,
which results in a reduction of the amplifier power losses. Fur-
thermore, voltage sources are typically required for ac-power-
source applications as well as other industrial applications like
stage acoustic amplifiers, etc.

Based on the aforementioned considerations, the voltage-
source-hybrid power amplifiers are classified into three types,
as shown in Fig. 1.

A. Type I: Envelope Configuration

In contrast to the conventional class-AB amplifiers, this type
of hybrid amplifier replaces the constant dc supplies by switch-
mode power supplies that are able to vary their output voltages
according to the instantaneous LPA output voltages. Therefore,
LPA power losses are dramatically reduced because the voltage
drop across LPA power transistors is kept to a minimum voltage
level. However, the disadvantage of this configuration is that the
LPA should deliver the full output power and sustain the full
output-voltage stress. This makes it difficult to design the LPA
for high-voltage applications [1]–[8].

B. Type II: Series Configuration

In this type of topology, a main ac voltage source that de-
livers the bulk of the output voltage is connected in series
with an LPA that only outputs the small amount of correc-
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Fig. 1. Classification of hybrid power amplifiers.

tion voltage that supplements the voltage difference between
output voltage uo and main voltage um . Therefore, LPAs with
low voltage supplies can be employed in high-voltage applica-
tions, which significantly reduces the voltage drop across LPA
power transistors. There are two possibilities to connect these
two parts. One possibility is to connect the main ac voltage
source to the ground of LPA dc power supplies [9], [10], and the
other way is to connect it with the LPA output voltage in series
[1], [11].

C. Type III: Parallel Configuration

AN LPA and a current controlled switch-mode amplifier are
connected in parallel at the output. There the switch-mode am-
plifier contributes the main load current and the linear amplifier
generates the difference current. With this topology, a relatively
small current is flowing through the LPA so that the losses can
be significantly reduced and the output impedance is defined by
the LPA stage. However, a high-voltage LPA is still required for
a mains simulation application and switching noise can appear
in the output voltage due to the increased output impedance of
LPA at high frequencies. This type of topology is especially
preferred for audio amplifier applications [12]–[17].

Besides, the approaches of the hybrid configuration to im-
prove the efficiency of ac test power supplies, multilevel in-
verters employing pure switching-mode operation have become
increasingly popular in ac-power-source applications. The main
advantages of multilevel converters are voltage stress reduction
of the power devices, low electromagnetic interference (EMI),
low switching losses, and a high-quality output waveform. These
make multilevel inverters particularly welcome for such indus-
trial applications like medium-voltage drivers, static var com-
pensator (SVC), STATCOMs, and grid interfaces for renewable
energy sources such as solar photovoltaic. There are mainly
three types of topologies that have been proposed for multi-
level inverters: diode-clamped, flying-capacitor, and cascaded
multilevel inverters [18], [19].

In this paper, three types of multilevel power amplifiers based
on hybrid (linear and switching) or switching technology are
compared, namely:

1) Hybrid Multicell Amplifier (H-MCA);
2) AM + PWM MCA (AP-MCA);

3) PWM MCA (P-MCA).
Here, the symmetric cascaded multicell inverter is imple-

mented for these three amplifiers. The main reasons are as
follows.

1) The isolation stages are required for ac-power-sources
applications.

2) The symmetric topology gives great freedom to expand or
shrink the output-voltage range with minimum effort.

3) The component dimensioning is identical for each cell
unit.

For each of these topologies, the operating principle and con-
trol scheme are introduced. Finally, a 1-kVA laboratory proto-
type is built that is able to implement all three topologies, and
the measured performances from this universal prototype are
compared.

II. HYBRID MCA

H-MCA is shown in Fig. 2(a), and consists of: 1) a high slew-
rate LPA; 2) a multicell inverter, which is connected in series
with the LPA to generate the output voltage; and 3) a bidirec-
tional, multioutput, isolated dc–dc converter that provides the dc
voltages for cell units and LPA and allows bidirectional energy
flow in the case of nonresistive loads. A similar topology, “quasi-
linear amplifier,” has been already proposed in [11]. There, the
“quasi-linear amplifier” consists of low-switching-frequency in-
verters connected in series with an LPA to generate gradient
coil currents with fast ramp time for MRI systems. However,
this “quasi-linear amplifier” acts as a current source, while the
topology in this paper operates as a voltage source that has very
low output impedance and includes an isolation power stage.

The representative waveforms of a ten-cell cascaded power
amplifier are shown in Fig. 2(b), where the multicell inverter
generates the stepped high-voltage umo according to the refer-
ence output voltage u∗

o and the switching frequency of the cells
is low. Furthermore, the output voltage of the LPA ula is reg-
ulated to compensate for the small voltage difference between
umo and uo . Therefore, a low-voltage LPA can be employed.
The gray area between umo – Ua and umo + Ua is the volt-
age range that can be achieved by the multicell cascaded power
amplifier for the reference voltage u∗

o .
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Fig. 2. Topology of an (a) isolated multicell cascaded power amplifier and
representative waveforms of the output voltage uo , multicell output voltage
um o , and linear power amplifier output voltage ulo of a (b) ten-cell cascaded
power amplifier.

A. Operating Principle

The control scheme of a simplified two-cell cascaded power
amplifier is shown in Fig. 3. Here, two H-bridges are connected
in series with the LPA to form the output voltage. The H-bridge
units are controlled in an open-loop manner and each H-bridge
cell can output three possible voltages, Uz , 0 V, and −Uz , where
Uz is the dc supply voltage of the cell units. The LPA is operated
in a closed loop with a high bandwidth so that it can compen-
sate for the voltage difference between output voltage uo and
multicell voltage umo .

The control signals of the H-bridge units are directly gen-
erated by comparing the reference output voltage u∗

o and step
voltages −3/2Uz , −1/2Uz , +1/2Uz , and +3/2Uz . For instance,
the output voltage of unit 1 is 0 V, i.e., T3 and T4 are ON, when
u∗

o is between –1/2Uz and +1/2Uz . If u∗
o increases and reaches

+1/2Uz , T3 is turned off and T1 is turned on, thus unit 1 out-
puts +Uz . Alternatively, unit 1 will produce an output voltage
−Uz when u∗

o decreases and reaches −1/2Uz . The total multi-
cell voltage umo is dependent on the reference output voltage
u∗

o , as is demonstrated in Fig. 4. Furthermore, this topology can
be easily expanded to an n-cell cascaded power amplifier with
very low effort.

In Fig. 3, the dc voltage of the LPA Ua is required to be
higher than 1/2Uz in order to have sufficient voltage regulation
margin. The system just uses a single voltage loop control and
the control signal of the LPA is formed by summing the feed-

Fig. 3. Control scheme of two-cell cascaded power amplifier.

Fig. 4. Multicell voltage um o in dependency on the reference output voltage
u∗

o .

forward voltage u∗
o–umo and the output of the voltage regulator

urg .

B. Control Design

For the system control design, we at first use ideal voltage
sources to substitute the dc–dc isolated converter since the out-
put impedance of the dc–dc converter is negligible consider-
ing the system control design. The simplified H-MCA circuit
scheme is shown in Fig. 5, where an additional dv/dt filter with
the parameters of LF = 6.8 μH, Ld = 66 μH, Rd = 6 Ω, and
CF = 220 nF is inserted at the output of the H-bridge units.
This is because the LPA has a limited bandwidth, and this filter
is employed to limit the slope of the step voltages to 15 V/μs
for Uz = 40 V so that the LPA is able to compensate the small
voltage difference between umo and uo . In Fig. 5, we see that
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Fig. 5. Simplified H-MCA scheme by replacing the dc–dc isolated converter
with ideal voltage sources.

the multicell inverter is in the feedback loop, and therefore, the
output impedance of the complete multicell inverter including
the dv/dt filter has to be considered for the control design.

The circuit scheme for H-MCA output voltage control design
is shown in Fig. 6 (a), where the multicell inverter is replaced by
the output impedance network Zmo and MP 111D is replaced
by a voltage-controlled voltage source with its output resistance
Rg = 3Ω at dc [20]. As described in [21], the dominant factors
affecting the open-loop transfer function are the input stage
transconductance gi and the so-called dominant capacitor Cdom .
The value of gi is determined by the input differential stage
design. The capacitor Cdom is the negative-feedback capacitor
of the voltage-amplifying stage. For MP 111D, Cdom can be
varied by external capacitors. Therefore, the open-loop transfer
function can be defined as

vg (s) =
gi

Cdoms

1
τ1s + 1

1
τ2s + 1

(1)

where the τ1 and τ2 represent the high-frequency poles caused
by the parasitic circuit parameters of the output stage. By fitting
(1) to the measured Bode plots of the APEX MP111D open-
loop transfer function vg (s), the parameters can be determined
as gi = 3.9mA/V, and τ1 = τ2 = 0.46μs.

The front-end inverter is to provide the inverting function
and possible scaling function if needed for the reference voltage
u∗

o . Since the AD8033 has a high bandwidth of 80 MHz, this
inverter is considered to be ideal. For the circuit diagram shown
in Fig. 6(a), we can derive the control block diagram, as depicted
in Fig. 6(b). In this diagram, the feed-forward transfer function

Fig. 6. (a) Circuit scheme and (b) control block scheme for H-MCA output
voltage control design.

F (s) is defined as

F (s) = − R2 + Zmo (s) + Rg

R1 + R2 + Zmo (s) + Rg
. (2)

and the feedback transfer function H(s) is

H (s) =
R1

R1 + R2 + Zmo (s) + Rg
. (3)

The MP 111D output and system output are coupled via a
relatively low-impedance network Zmo compared to R2 , thus
there is a small voltage difference considering the small-signal
values. Therefore, a correction function G(s) is given as

G (s) =
R1 + R2

R1 + R2 + Zmo (s) + Rg
. (4)

Finally, the closed-loop input-to-output transfer function
Gio,cls is calculated as

Gio,cls (s) =
uo (s)
u∗

o (s)
= −F (s) G (s)

vg (s)
1 + vg (s) H (s)

. (5)

The closed-loop output impedance Zo(s) is

Zo (s) =
Zmo (s) + Rg

1 + vg (s) H (s)
. (6)

When the load ZL is connected, the closed-loop transfer func-
tion Gio,cls should be modified because of the system output
impedance. Therefore, Gio,cls is rewritten as

Gio,cls (s) = −F (s) G (s)
vg (s)

1 + vg (s) H (s)
ZL (s)

ZL (s) + Zo(s)
.

(7)
The control design for H-MCA is quite simple because we

only have few parameters to vary, which are as follows.
1) The external capacitor Cdom
2) Feedback factor determined by R1 and R2 .
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Fig. 7. Comparison of measured and calculated Bode plots of system closed-
loop small-signal input-to-output transfer function. Operation parameters: Uo =
120 V, Cdom = 34 pF, RL = 35 Ω, and Ua = 30 V.

Fig. 8. Comparison of measured and calculated Bode plots of system output
impedance. Operation parameters: Uo = 120 V, Cdom = 34 pF, RL = 35 Ω,
and Ua = 30 V.

For a practical tradeoff between the system stability and dy-
namic behavior, Cdom = 33 pF, R1 = 5 kΩ, and R2 = 200 kΩ
are selected for the control design. The designed control system
achieves a crossover frequency of 460 kHz and phase margin of
68◦.

The measured and calculated Bode plots of system closed-
loop input-to-output transfer function are compared in Fig. 7.
These two curves are perfectly matching up to 2 MHz. From the
measured data, it shows that the closed-loop control system has
a bandwidth of 570 kHz (at 32 dB – 3 dB = 29 dB).

Fig. 8 compares the calculated and measured system small-
signal output impedance. These two Bode plots match quite
well.

Fig. 9. AP-MCA circuit diagram.

III. AM + PWM MULTICELL AMPLIFIER

In Section II, the H-MCA shows its wide bandwidth perfor-
mance, high output-voltage quality, and low output impedance;
however, the system efficiency is impaired by the LPA that
contributes around 60% of the total system losses. In order
to achieve higher system efficiency, we use a PWM inverter
cell with a 500 kHz switching frequency to substitute the LPA
unit in H-MCA. Consequently, the dv/dt limit filter has to be re-
placed by another filter design that aims to sufficiently eliminate
the switching ripple. Afterward, this system turns out to be a
pure switch-mode amplifier with mixed AM and PWM control,
thereby the system is called AM + PWM MCA (AP-MCA).
There is another research approach for this type of switch-mode
amplifier, where only one cell is supplied by a dc power supply
and the dc voltages of the other cells are provided by flying ca-
pacitors [22]. By properly controlling the charge and discharge
currents through the capacitors, it is possible to keep the voltages
across the flying capacitors constant.

A. Operation Principle

The circuit diagram of AP-MCA is shown in Fig. 9, where the
AM inverters as well as the dc-link power supplies are the same
as H-MCA. However, the LPA together with its isolation dc
supply stage are replaced by a PWM inverter and its dc power
supply. The AM inverter and PWM inverter are connected in
series for generating the total inverter output voltage umo . As
with any other switch-mode amplifier, an output filter has to be
employed to eliminate the switching ripples.

The modulation of AM inverter is completely the same as
H-MCA (see Fig. 4) and the principle of the system control is
also the same. Fig. 10 demonstrates the key waveforms of AP-
MCA, where the AM inverter produces the large-scale voltage
uAM , and the PWM inverter is regulated to generate the small
compensation signal. The total multicell inverter voltage umo is
formed by the summation of uAM and uPWM . The sinusoidal
output voltage uo is achieved by the low-pass filtering of umo .
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Fig. 10. Measured key waveforms of AP-MCA.

B. Control Design

1) Overview of System Control: The main difference with
the AP-MCA is that digital control is employed for the output
voltage control, where it is realized by the analog control in H-
MCA. Here, the output voltage uo and its reference signal u∗

o are
measured through the analog interface circuits and are converted
to digital signals by the ADCs integrated in the DSP. The DSP
then calculates the output of digital proportional–integral (PI)
controller and converts it to a count number, which is to be sent
to field-programmable gate array (FPGA). The 500-kHz PWM
signals are generated by FPGA by comparing the received count
number to the digital internal 500 kHz triangular carrier.

The multicell inverter uses the same amplitude modulation,
as in H-MCA shown in Fig. 4. Also, the implementation in the
hardware for determining the switching signals of the multicell
inverter is same as in H-MCA, where we use analog fast com-
parators to directly compare the reference signal with threshold
voltage levels set by the DACs.

2) System Modeling: The simplified AP-MCA control sys-
tem scheme is shown in Fig. 11(a), where the digital control part
is inside the dashed frame and outside the frame are the analog
parts including the power circuit and measurement circuits. The
PWM inverter is considered as a controlled voltage dUz that is
proportional to the duty cycle ratio d [23], and the AM multicell
inverter is regarded as a disturbance voltage sources uAM that
is connected in series with dUz .

The output filter is calculated to ensure the switching ripple
in the output voltage is smaller than 0.5%. Here, Rmc is the total
on-resistance of the inverter MOSFETs in the output conducting
loop, and there are always 20 MOSFETs conducting at the same
time. Therefore, this is calculated as

Rmc = 20 × RON ,irf = 0.2Ω (8)

.
The switching losses of the PWM inverter can be derived as

Psw = 2fsEsloss (9)

where the switching energy losses are from [24]. Since the
switching voltage is constant Usw = Uz , the switching losses is
approximated as

Psw = ksw Isw . (10)

Fig. 11. (a) Simplified AP-MCA system control scheme and the according (b)
control system block diagram.

On the other hand, the switching losses can be represented
by inserting a virtual resistor Rsw in the circuit, as shown in
Fig. 11(a). Consequently, the switching losses can be also ex-
pressed as

Psw = Rsw I2
sw . (11)

By differentiating (11) with Isw , we have

dPsw

dIsw
= ksw = 2Rsw Isw . (12)

Therefore, the virtual resistor Rsw is derived as

Rsw =
ksw

2Isw
. (13)

Since digital control is employed for AP-MCA, we have to
treat this system as a sampled-data control system. There are two
approaches that may be used in analyzing a sampled-data control
system: the direct (DIR) or the digitization (DIG) control-design
techniques. The DIR design is based on z-domain. Its main ad-
vantage is that less constraints on the controller parameters are
required to meet the system specifications. Furthermore, the
switch-mode converter is inherent a sampled-data system. The
disadvantage of this method is that there is a limited amount
of experience for designing a suitable digital controller in z-
domain. Whereas, the DIG design uses s-domain transfer func-
tions to express the digital units, therefore we can utilize the
well-established s-domain knowledge to design the appropriate
controllers. Afterward, the s-domain controllers are transformed
to z-domain by use of the Tustin algorithm for the digital imple-
mentation in DSP [25].

For designing the controller of AP-MCA, the DIG method is
used. The functional block diagram of AP-MCA control sys-
tem, which is a so-called pseudocontinuous-time (PCT) system,
is demonstrated in Fig. 11(b). In the following content, each
control block unit will be described.
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First, the control block units in continuous-time domain are
introduced. Based on Fig. 11(a), the small-signal transfer func-
tion from ũPWM(s) or ũAM (s) to the output voltage ũo (s)
is

Gut (s) =
RL ‖ ZC F (s)

Rmc + Rsw + 2ZLd (s) + RL ‖ ZC F (s)
. (14)

The gain KG is equal to the dc-link supply voltage of the
PWM inverter, i.e.,

KG = Uz . (15)

The output-voltage feedback factor KF B = 0.01 and the scal-
ing factor of the reference voltage KSC = 0.4.

The following control block units to be introduced are in
discrete-time domain, i.e., implemented in DSP+FPGA. As
described before that the measured signals of uo and u∗

o are
sampled by the ADC incorporated in DSP, and the PCT approx-
imation of the sampler is given as [25]

Gsmp (s) =
1

Tsmp
(16)

where Tsmp is the sampling time. Since FPGA receives the
discrete PI control value that is a normalized count number in
the hardware implementation and updates the PWM signal at
the sampling frequency, this digital PWM (DPWM) effectively
embeds a zero-order holder (ZOH) that converts the discrete
signal to the analog signal. The s-domain transfer function of
ZOH is [25]

GZOH (s) =
1 − e−T sm p s

s
. (17)

We can combine Gsmp(s) and GZOH(s) together to form the
transfer function of the sampler and holder,

GSZOH (s) =
1 − e−T sm p s

Tsmps
. (18)

The system delay time is defined as the time interval between
the moment that data is sampled and the updating action of
duty cycle. During the system operation, this interval is actually
changing. Here, the maximum delay time, Tsmp , is assumed for
this system,

Gdelay (s) = e−T sm p s . (19)

If the root locus method is utilized for the compensation de-
sign, the Padé approximation has to be applied to GSZOH(s) and
Gdelay (s). The second-order Padé approximation of GSZOH(s)
is

GSZOH ,PA (s) =
12

12 + 6Tsmps − T 2
smps2 . (20)

This approximation is good for the frequency range up
to 1/3Tsmp . However, the frequency-response compensation
method based on Bode plots is employed for the controller de-
sign in this system. In this case, the Padé approximations for
GSZOH(s) and Gdelay (s) are not necessary.

Fig. 12. Bode plots comparison of the three transfer functions in the control
plant. Operation parameters: RL = 35 Ω, Tsm p = 7 μs.

3) PI Controller Design: Based on the aforementioned mod-
eling analysis, the open-loop plant transfer function is given by

Gplant (s) = KGGut (s)GSZOH (s)Gdelay (s) . (21)

Fig. 12 compares the Bode plots of Gut(s), GSZOH(s), and
Gdelay (s), where Gdelay (s) shows the largest impact to the sys-
tem phase angle and its phase angle starts to decrease dra-
matically after 10 kHz. For PCT system control design, the
bandwidth is typically limited to 1/20th of the sampling fre-
quency [26]. In this circuit, Tsmp = 7μs; therefore, the typical
achievable bandwidth is about 7 kHz. A simple PI controller is
designed to compensate KFBGplant(s) shown in Fig. 13. The
transfer function of the PI controller is given as

Gc (s) = KPI

(
1 +

1
TPIs

)
(22)

where the calculated PI parameters are: KPI = 0.45 and
TPI = 3.2 × 10−6 s. The open-loop transfer function of the
compensated system is written as

Gopen (s) = KFBGplant (s) Gc(s). (23)

Fig. 13 shows that the compensated system achieves a band-
width of 4.5 kHz and a phase margin of 70◦ for nominal load.

4) System Transfer Functions: Obviously, the closed-loop
input-to-output transfer function can be derived as

Gio,cls (s) = KSC
Gplant (s) Gc (s)

1 + Gopen(s)
(24)
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Fig. 13. System open-loop Bode plots with and without the controller Gc (s).

and the closed-loop transfer function from the disturbance volt-
age ũAM(s) to ũo(s) is

Gdo,cls (s) =
uut(s)

1 + Gopen(s)
. (25)

According to Fig. 11, the output impedance without closed-
loop control is

Zmo (s) = (Rmc + Rsw + 2ZLd (s)) ‖ ZC F (s) . (26)

Therefore, the closed-loop system output impedance can be
derived as

Zo (s) =
Zmo (s)

1 + Gopen(s)
. (27)

5) Verification: The small-signal frequency response of AP-
MCA is measured from the laboratory prototype to verify the
theoretical analysis. The calculated small-signal parameters and
system operating parameters are listed in Table I.

Fig. 14 shows the calculated and measured Bode plots of
the open-loop transfer function of AP-MCA, where these two
plots match very well until 20 kHz, and the measured crossover
frequency and phase margin are close to the calculated values.
However, the measurement result shows a higher damping factor
in the system. This is mainly because that the resistance of many
connectors and PCB track impedance in the large output power
loop are not counted during small-signal modeling for the sake
of simplify.

Since the PI controller is designed for the nominal-load con-
dition, as we know the worst operating point concerning the
system stability for the buck-type derived converters is when
no load is connected to the output. Therefore, we have to check
the system stability for no-load condition; otherwise, the PI con-
troller has to be modified. The measured Bode plots of Gopen(s)

TABLE I
SYSTEM PARAMETERS FOR SMALL-SIGNAL MODEL VERIFICATION

Fig. 14. Comparison of the calculated and measured Bode plots of the open-
loop transfer function of AP-MCA. The controlled system has a crossover
frequency of 4.5 kHz and phase margin of 70◦.

for nominal-load and no-load conditions show that the system
still fulfils the stability criteria for no-load condition.

The calculated and measured Bode plots of the closed-loop
transfer function, as shown in Fig. 15, have good matching up to
10 kHz. The comparison of the calculated and measured Bode
plots of the system output impedance are depicted in Fig. 16,
where the curves are in line besides the calculated curve shows
less damping factor.

IV. PWM MULTICELL AMPLIFIER

A. Operation Principle

The circuit diagram of P-MCA is shown in Fig. 17, which has
exact the same power circuit as AP-MCA. However, in P-MCA
all the inverters are operating in PWM mode. The switching
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Fig. 15. Bode plots of AP-MCA closed-loop transfer function.

Fig. 16. Comparison of the calculated and measured Bode plots of AP-MCA
output impedance Zo (s).

frequency of each cell is set to 50 kHz; therefore, the effective
switching frequency of the ten-cell system is 500 kHz, which is
same as the switching frequency of PWM inverter cell in AP-
MCA system. This provides the fair condition to compare the
system efficiency later.

Fig. 18 demonstrates the key waveforms of P-MCA. There
the ten-cell series-connected inverter using sinusoidal PWM
(SPWM) control produces the total output voltage umo , and the
sinusoidal output voltage uo is achieved after low-pass filtering
of umo .

The phase shift between the output voltages of two adjacent
inverter cells is demonstrated in Fig. 19. Since ten-cell inverter
is employed in hardware and each inverter is switching at 50
kHz, the phase shift should be 2 μs and/or 36◦.

B. Control Design

The only difference between AP-MCA and P-MCA is the
modulation method. AP-MCA utilized a hybrid modulation that

Fig. 17. P-MCA circuit diagram.

Fig. 18. Measured key waveforms of P-MCA.

Fig. 19. Phase shift between the output voltages of two adjacent inverter cells,
36◦ (2 μs). Operation parameters: Uin = 200 V, fsm = 50 kHz, Uo,rm s =
115 V, and fo = 1 kHz.

combines AM and PWM, while P-MCA only employs PWM
modulation. The fast analog comparator arrays designed for
AM modulation are not needed for P-MCA, and this makes
P-MCA the only system, which is fully digitally controlled
among H-MCA, AP-MCA, and P-MCA. A well-known phase-
shifted scheme for generating the carrier signals are imple-
mented that increases the system switching frequency by factor
of ten for P-MCA.

The system small-signal modeling and control design are
very similar to AP-MCA. Therefore, the control designing for
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Fig. 20. Comparison of the calculated and measured Bode plots of the open-
loop transfer function of P-MCA.

P-MCA will be not treated in detail. When designing the com-
pensator for P-MCA, the functional block diagram of AP-MCA
shown in Fig. 11(b) can be still used with few parameter modi-
fications. These changes are as follows.

1) The disturbance voltage ũAM(s) is no longer presented;
2) Gain KG is changed from Uz to 10Uz because all the

ten cell inverter units are operating in PWM mode and
this effectively increases the inverter dc-link voltage by a
factor of ten.

3) The parameter KPI of the controller is reduced to 0.1KPI ;
therefore, the designed system crossover frequency can
remain at 4.5 kHz.

After the compensation, the controlled P-MCA system has a
crossover frequency of 4.5 kHz and phase margin of 70◦, which
are exactly same as in AP-MCA.

A series of measurements for the system small-signal fre-
quency response have been tested and compared to the calcu-
lated models. The calculated and measured Bode plots of the
open-loop transfer function of P-MCA are compared in Fig. 20,
where both curves match quite well until 20 kHz. Similar as
AP-MCA, the measurements show the implemented P-MCA
has higher damping factor that the calculated model.

The measured Bode plots of the closed-loop transfer function
of P-MCA for the nominal-load and no-load conditions are
illustrated in Fig. 21. The “−3 dB frequency” is about 7 kHz.

V. HARDWARE AND PERFORMANCE COMPARISON

In this section, the designed laboratory prototype for verifying
the three different amplifier topologies is first introduced; then,
the measurements from these amplifiers are compared.

Fig. 21. Measured Bode plots of the closed-loop transfer function of P-MCA
for the nominal-load and no-load conditions.

TABLE II
SPECIFICATIONS OF LABORATORY PROTOTYPE

A. Hardware Realization

In order to create a common basis for comparison, the spec-
ifications applied for all the amplifiers are given in Table II,
where Uin is the dc input voltage, which could be provided by
a bidirectional single-phase rectifier, Uo is the rms value of the
output voltage and spans the universal input voltage range, and
Po is the output power.

For both output voltage ranges, the amplifiers are able to
output maximum 4.5 A continuous current. The input nominal
voltage is regulated to be 200 and 400 V, respectively, for the 135
and 270 VAC output voltage ranges. This brings the benefit that
the amplifiers can utilize all the levels for both output voltage
ranges so that the output-voltage quality does not suffer when
the amplifiers generate low-amplitude output voltage.

The power-circuit scheme of the laboratory prototype is de-
picted in Fig. 22. When designing the prototype, the following
issues were considered.
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Fig. 22. Laboratory prototype power-circuit scheme. By the proper selection
of the jumpers and different digital control coding, this hardware can realize
three topologies: H-MCA, AP-MCA (AM+PWM), and P-MCA (PWM).

TABLE III
JUMPER TABLE FOR HARDWARE CONFIGURATION OF DIFFERENT TOPOLOGIES

1) Flexible structure that allows a single hardware to realize
all the three topologies.

2) Compact and symmetric design.
By the proper selection of the jumpers and different digi-

tal control coding, this prototype is able to implement three
topologies: H-MCA (nine-cell AM inverter plus LPA), AP-
MCA (nine-cell AM inverter plus one-cell PWM amplifier), and
P-MCA (ten-cell PWM amplifier). Table III shows the jumper
configurations for realizing the different topologies, where the
jumpers are realized by using connectors and 0-Ω resistors. For
example, to switch the system from AP-MCA to H-MCA, one
daughter board has to be plugged out and replaced by another
board that can provide the dc supply voltages for the LPA, i.e.,
J1 switches the position from 2 to 1. For realizing the switching
of J2 , J3 , and J4 , one has to solder and/or unsolder the relevant
0-Ω resistors. The power components are listed in Table IV.

The front and rear views of the ten-cell amplifier lab-
oratory prototype are shown in Fig. 23. This hardware
comprises one motherboard, five daughter boards, five mirrored
daughter boards, one FPGA/measurement board, and one DSP
board. The motherboard mainly serves as interface between
FPGA/measurement board and daughter boards. Besides that,
the primary MOSFETs as well as their gate drivers, the current

TABLE IV
COMPONENTS LIST

Fig. 23. Laboratory prototype with both front and rear views.

sensors, output filter, LPA, and main contactors are assembled
on the motherboard as well.

The high-frequency ac-voltage bus generated by the primary
full bridge provides the input voltage for all the daughter boards.
Each daughter board, as shown in Fig. 24, mainly consists of
the resonant capacitor, isolation transformer, and the secondary-
side MOSFETs. The reason to design five mirrored daughter
boards is to limit the interfering high-frequency ac voltage to a
small area and to have a symmetric system design. Furthermore,
four n-channel MOSFETs are used for each inverter cell. This
requires the corresponding four gate drivers must have three
different ground potentials. There is alternative way to form the
H-bridge by using complementary p- and n-channel MOSFETs
that brings the benefit to reduce the realization effort and saving
of the printed circuit board space.
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Fig. 24. Daughter board.

Fig. 25. FPGA and measurement board with 49 independent gate control
signals.

Because of the large number of employed MOSFETs, the sys-
tem requires 49 independent gate control signals. Therefore, a
144-pin Lattice FPGA chip, LCMXO2280 C, with 2280 lookup
tables (LUTs) and 113 I/Os is selected to fulfill the requirement
in the FPGA/measurement board, as demonstrated in Fig. 25.
This board also includes 20 fast-speed comparators, MAX964,
which are used for generating the AM inverter control signals
with minimized delay time in H-MCA. The control signals mea-
surement circuits are integrated in this board as well. The DSP
board shown in Fig. 26 is the universal DSP control board from
power electronic systems (PES), ETH Zurich. There, the 16-bit,
fixed-point DSP controller from analog devices, ADSP-21992,
is equipped. This device also embeds eight-channel, 14-bit AD
converters with up to 20 MSPS.

For the H-MCA, the most important requirement for the LPA
is that it must have enough high slew rate to compensate for the
ramp-up and ramp-down slope of the multicell inverter. In this
design, the dv/dt of the step voltages from the multicell inverter
is designed as 50 V/μs. Therefore, a commercial APEX power
operational power amplifier MP111FD, as shown in Fig. 27,
is used in the system. The main specifications of MP111FD
are: SR = 130 V/μs, 15 A/100 V, maximum allowed power
dissipation 130 W at 60 ◦C. This device is assembled in the

Fig. 26. Universal DSP control board from PES, ETH Zurich.

Fig. 27. Apex power operational power amplifier MP111FD. The dimension
is 41.4 mm × 63.2 mm × 11.5 mm.

middle area of motherboard where the corresponding heatsink
and fan have to be attached in addition in order to dissipate the
amplifier losses. Furthermore, the fins of the heatsink are placed
horizontally; therefore, the air blown by the fan can also flow
to all the daughter boards, which helps to improve their thermal
condition.

B. Performance Comparison of MCAs

Based on the universal prototype, the system performances of
H-MCA, AP-MCA, and P-MCA are measured and compared.

Fig. 28 shows the system key waveforms at the nominal op-
eration. In H-MCA, the sinusoidal output voltage is achieved by
using a high slew rate LPA to correct the stair-shaped voltage
generated by the multicell inverter. For AP-MCA and P-MCA,
the output voltage is attained by low-pass filtering the 500 kHz
switching ripple in umo , where AM+SPWM and phase-shifted
unipolar SPWM are utilized for AP-MCA and P-MCA, respec-
tively. Both H-MCA and P-MCA generate smooth 1 kHz si-
nusoidal output voltage waveforms, whereas there is notable
distortion in the output voltage produced by AP-MCA. This dis-
tortion is due to that the control system does not have sufficient
attenuation for the disturbance caused by the AM-modulated
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Fig. 28. Key waveforms at nominal operation: (a) H-MCA, (b) AP-MCA, and (c) P-MCA. Operation parameters: Uin = 200 V, fo = 1 kHz.

Fig. 29. System operation for an inductive load of 2.5 mH/35 Ω in series: (a) H-MCA, (b) AP-MCA, and (c) P-MCA. Operation parameters: Uin = 200 V,
fo = 1 kHz (200 Hz for AP-MCA).

Fig. 30. Systems output rectangular waveform: (a) H-MCA, (b) AP-MCA, and (c) P-MCA. Operation parameters: Uin = 200 V, fo = 1 kHz.

Fig. 31. Systems supplying a nonlinear load: (a) H-MCA, (b) AP-MCA, and (c) P-MCA. Operation parameters: Uin = 200 V, fo = 1 kHz (200 Hz for
AP-MCA).
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Fig. 32. System output impedance in dependency on the output frequency.
DC operation parameters: Uo = 120 V, RL = 35 Ω.

multicell output voltage. In the following measurements, the
nominal output frequency is reduced to 200 Hz in order to guar-
antee a clean output-voltage shape for AP-MCA. Furthermore,
H-MCA shows much less common-mode noise in contrast with
other two systems.

The measured waveforms when the systems supply an induc-
tive load of 2.5 mH/35 Ω in series are demonstrated in Fig. 29.
The experimental results show that all the three systems are
able to feed a nonresistive load as specified without any stabil-
ity problem. The measurement results for supplying capacitive
loads are given in [24].

Fig. 30 illustrates the experimental results when the systems
generate rectangular waveforms for the nominal load. H-MCA
shows the highest slew rate of 60 V/μs but with a voltage over-
shoot of 6%. There is no voltage overshoot for P-MCA; however,
it has the slowest slew rate that is only 6.5 V/μs. AP-MCA is
not suitable for generating rectangular output voltage because
of the excessive overshoot.

The system performances for supplying a nonlinear load are
compared in Fig. 31. For this test, a load circuit comprised of a
full-bridge rectifier followed by a 2.5-mH inductor in series with
a parallel-connected 100-μF capacitor and 35-Ω resistor is em-
ployed. H-MCA shows the cleanest output-voltage shape. There
is small crossover distortion occurring in the output voltage of
P-MCA. In AP-MCA, the peak current is larger because lower
test frequency is applied. The overcurrent causes too much volt-
age drop in the dc supply voltages of the inverter cells, therefore
we see the distortion in AP-MCA.

H-MCA has much lower output impedance in contrast to AP-
MCA and P-MCA, as demonstrated in Fig. 32. The reasons
are that H-MCA has much higher bandwidth, and dv/dt filter
has higher corner frequency and much higher damping factor
compared to the output filter of AP-MCA and P-MCA.

The large-signal output voltage with dependency on the
output frequency for a specified output-voltage reference
Uo,rms,ref = 115V is measured and compared in Fig. 33, where
the output-voltage amplitude of H-MCA is able to keep almost
constant for the frequency range from 10 Hz to 10 kHz. How-
ever, the output-voltage amplitude of P-MCA starts to fall after
1 kHz because of the limited bandwidth.

Fig. 34 shows the measured total harmonic distortions
(THDs) of the output voltage. There H-MCA and P-MCA show

Fig. 33. Large-signal output voltage in dependency on the output frequency
for a specified output voltage reference Uo,rm s ,ref = 115 V.

Fig. 34. THD of the output voltage in dependency on the output frequency,
where Uo,rm s ,ref = 115 V.

Fig. 35. Measured system efficiency in dependency on the output voltage for
nominal load.

similar THD values from 10 Hz to 10 kHz. However, the THD
of AP-MCA increases very quickly after 200 Hz because of the
internal disturbance as discussed already.

The measured system efficiencies are depicted in Fig. 35,
where AP-MCA and P-MCA have increased the efficiency by at
least 13 percentage points in contrast to H-MCA by eliminating
the LPA.
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TABLE V
SYSTEM PERFORMANCE COMPARISON

The main system performances that have been compared are
summarized in Table V.

VI. CONCLUSION AND OUTLOOK

Three multilevel amplifiers, H-MCA, AP-MCA, and P-MCA,
for ac-test-power-source applications are presented in this paper.
For each type of amplifier, its operation principle is explained
and its control design is described. A universal laboratory pro-
totype with a compact and symmetric design is built to verify
the theoretical analysis. This prototype is able to realize three
topologies: H-MCA, AP-MCA, and P-MCA, by the proper se-
lection of the jumpers and different digital control coding. The
performances of these three amplifiers are measured from the
prototype and compared.

P-MCA shows the advantages of simple modulation/low im-
plementation effort, high efficiency, low THD, sufficient power
bandwidth, and no overshoot voltage for step response, but it
has a limited slew rate of only 6.5 V/μs. This topology can
be employed for low-cost ac-power-source applications that do
not require very high dynamics, or the grid utility interface for
renewable energy applications.

Concerning the system dynamic, H-MCA is obviously the
best topology that possesses many merits like high slew rate,
high power and small-signal bandwidth, low output impedance
that make it have excellent performance in case of nonlinear
load, and low THD. However, the system performance is im-
paired by the low efficiency and this system is relatively costly
compared to the pure switch-mode amplifiers.

The output-voltage quality at high frequencies of AP-MCA
suffers from the AM+SPWM hybrid modulation scheme.
There, the control signals of the AM multicell inverter are ob-
tained by comparing the input reference signal and a series of
threshold voltages; therefore, the feedback voltage has no in-
fluence on determining the output voltage of the AM multicell.
Thus, this multicell inverter acts as a disturbance voltage source
for the control system.

Based on the studies of the MCAs in this study, some ideas
for improving the system performance in the course of further
research are listed as follows.

1) LPA design is the key to achieve better system perfor-
mance. Instead of using the commercial LPA in H-MCA, a

custom-designed LPA with higher power bandwidth could
be employed, where the feed-forward control also could
be applied as show in Fig. 3. This would further improve
the output-voltage quality and dynamic behavior.

2) For some applications where the flexibility to increase or
decrease the output voltage is not necessarily required, an
asymmetric multicell inverter would significantly reduce
the number of inverter cells needed for generating the
same number of output voltage levels [27].

3) There would be several possibilities for further improve-
ment of the system dynamics performance of P-MCA:
reducing sampling time, using higher switching fre-
quency/smaller output filter, or utilizing fast control meth-
ods, e.g., single-cycle control [28].
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