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Abstract

The further improvement of submarine propulsion is associated with the modularity of accumulator-fed inverters, such as
cascaded inverters (CIs). CI technology guarantees smooth output voltages with reduced switch frequencies under linear loads.
However, the output voltages of Cls are distorted under rectifier loads. This distortion requires harmonic suppression technology.
One such technology is the repetitive controller (RC), which is commonly applied but suffers from poor performance in
propulsion systems. In this study, the FFT spectrum of a CI under rectifier load is analyzed, and the harmonic contents are
uneven in magnitude. For the purpose of harmonic suppression, the control gains at each harmonic frequency should be seriously
considered. A RC with a specific harmonic gain compensation (SHGC) for CIs is proposed. This method provides additional
control gains at low-order harmonic frequencies, which are difficult to achieve with conventional RCs. This SHGC consists of a
band-pass filter (BPF) and proportional element and is easy to implement. These features make the proposed method suitable for
submarine propulsion. Experimental results verify the feasibility of the improved RC.

Key words: Cascaded inverter (CI), Harmonic suppression, High-power rectifier load, Repetitive control (RC), Specific harmonic

gain compensation (SHGC)

I. INTRODUCTION

Accumulator-fed inverters are widely used in various
applications, such as submarine propulsion, where a battery
management system (BMS) is necessary to balance the
voltages among the accumulators. Many battery modules are
connected in parallel and series to achieve high-power ratings.
As a result, the complexity of BMSs increase considerably.
Moreover, the accidental failures of individual battery modules
disable the corresponding battery strings. In such a case, the
operation of inverters is interrupted, and the available power
ratings are restricted significantly. Consequently, the overall
reliability of inverters decreases as the cascaded number of
battery modules increases [1]-[3]. According to many experts,
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the evolution of accumulator-fed inverters involves the
transition to modularity, reduced complexity of the BMS, and
high reliability.

The technology of cascaded inverters (Cls) is a feasible
option to promote this evolution. A CI is composed of several
H-bridges in series connection, where the each H-bridge is
fed by a battery string, the input voltage is considerably low,
and the complexity of the BMS is reduced. In general, a CI
can be divided into two types (i.e., single and three-phase
ClIs). Three-phase Cls can be considered as three independent
single-phase Cls. Thus, the output voltage of each phase can be
controlled separately. This feature enhances the adaptability of
this type of CI to unbalanced loads. A CI has a high equivalent
switching frequency, reduced switching loss, and low harmonic
content. Therefore, the market of Cls continues to grow,
expanding to their applications in battery energy storage
systems. Aside from their high reliability and reduced
complexity of the BMS, ClIs achieve a desirable output voltage
quality. Rectifier loads are one of the main loads for inverters
used in submarine propulsion. The conventional control
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method applied to linear loads is insufficient to maintain
sinusoidal voltages under this condition. A highly desirable
condition under rectifier load is one in which the inverter
continues to maintain a good AC voltage quality.

The demands for harmonic suppression can be addressed by
specific controllers that are simple and practical to use in
submarine propulsion. Examples of such controllers include
quasi-proportional resonant (QPR) and repetitive controllers
(RCs). These methods are conventional harmonic suppression
strategies and are based on the internal model principle [4]. The
QPR controller is characterized by a simple configuration, low
computational cost, and high DC voltage utilization [5]-[11].
Moreover, this controller is slightly suitable for the applications
of three-phase independent control. RCs are preferred in
harmonic suppression. In comparison with the conventional
proportional-integral-derivative control, an RC guarantees a
much higher gain at the fundamental frequency and its
harmonics. In most existing studies, RCs were used to suppress
periodic disturbances to ensure that the AC voltage meets
national and international standards [12], [13]. [16], [17]
proposed a high-order RC scheme that can reduce the partial
derivative of an RC’s control gains with an improved
robustness. [18]-[22], [26]-[32] presented a dual-mode plug-in
RC, a harmonic digital RC, a synchronous frame RC, a zero-
phase-shift direct RC, and so on; good dynamic performance
was reported. Although the aforementioned RCs improve the
performance of inverters under rectifier loads, these control
strategies are only appropriate for low power domains. In
high-power domains, in which inverters operate under a
relatively large dead time, a rectifier load is characterized by
severe nonlinearities, which tend to degrade conventional
harmonic suppression technology. Therefore, the control
algorithm for submarine propulsion should preferably be
simple and easy to implement.

In order to suppress the harmonic under high-power
rectifier load, a RC with SHGC for CI is proposed for
submarine propulsion application. This scheme is composed
of an RC and SHGC. The SHGC consists of a BPF and
proportional element. In this work, RCs for Cls are first
introduced as a common harmonic suppression method. The
output voltage total harmonic distortion (THD) under rectifier
load is discussed, and the problems of a RCs are analyzed.
This conventional method can eliminate high-order
harmonics. However, low-order harmonics under this method
remain large and thus dominate the THD. Suppressing these
low-order harmonics further requires large control gains
according to closed-loop control theory. For the above
purposes, an improved RC with SHGC is proposed. This
control scheme offers extra control gains for low-order
harmonics, and the AC voltage quality can be improved
prominently. Moreover, the proposed scheme is characterized
by a simple configuration and excellent practicability, hence
its suitability for submarine propulsion. The stability criteria
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Fig. 1. Three-phase CI with a rectifier load: (a) Three-phase CI;
(b) Rectifier load.

are derived for this improved RC, and advantages of the
improved RC are confirmed by experimental results.

The remainder of this study is organized as follows. In
Section II, the configuration of a CI and the drawbacks of
RCs under rectifier loads are discussed. In Section III, an
improved RC with SHGC is proposed, and the stability
analysis is presented. In Section IV, a detailed controller
design procedure is established. In Section V, the improved
RC is applied to feed a high-power rectifier load. The
experimental results verify the effectiveness of the proposed
scheme. In Section VI, we conclude this study.

II. PROBLEM WITH RECTIFIER LOADS

A. CI Structure

Fig. 1 shows a three-phase CI, and Fig. 2 illustrates the
block diagram of a control system. As a voltage source, the
control loops of a CI are closed with respect to the AC
voltages. In this study, the CI is composed of three single-
phase CIs. Each single-phase CI consists of three cascaded
H-bridges. The AC voltage of each phase is the summation of
three H-bridges’ outputs, and the voltage ripples can be
reduced with the phase-shifted carrier pulse width modulation
given by [25], which offers a high equivalent switching
frequency. The outputs of the studied Cls can be controlled
by three independent controllers. This feature decouples three-
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Fig. 2. Block diagram of the control system for CI.
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Fig. 4. Spectra of the output voltage: (a) Spectrum under the 10th
order; (b) Spectrum over the 10th order.

phase load interactions and is appropriate under unbalanced
load conditions. In this study, each single-phase CI is
controlled by a QPR controller, and this method is preferred
for linear load conditions. In submarine propulsion
applications, the DC voltage source of a CI can be replaced

by several individual cells, thereby resulting in a simple BMS.

The working principle of a CI is detailed in [25] and is no
longer discussed in this study. This study focuses on the
harmonic suppression technologies under rectifier load
conditions.

Rectifier load is common for submarine propulsion. The
inverter used in submarine propulsion requires excellent
adaptability to overload conditions, such as an AC current
that is five times greater than that under rating condition and
thus indicates a dead time that is too long to ensure a safe
operation. As a result of these inherent nonlinearities, output

Fig. 5. Block diagram of the control system for CI.

voltages suffer from large harmonics. Fig. 3 shows the output
of the CI under rectifier load; here, the dead time of inverters
is set to 8.2 pus and is consistent with the experimental
condition. Fig. 4 shows the spectrum of the output voltage.

As shown in Figs. 3 and 4, the THD is up to 10.93% when
the CI operates under rectifier load. Notably, the CI is
controlled by QPR controllers and suffers from severe
harmonic pollution. The magnitudes of the Sth, 7th, and 11th
harmonics are 6.2%, 3.95%, and 5.9%, respectively. These
harmonic contents are uneven. The control gains for these
harmonic contents should be infinite to suppress them.
However, overly large control gains result in the instability of
the control system. A practical approach is to set the values of
these control gains such that they are unequal. Meanwhile,
large harmonics are mainly located in the low-frequency
domain under rectifier load. The harmonics over the 20th
order have minor contributions to the THD. Therefore, the
key point is to suppress the harmonics in the low-frequency
domain to suppress the harmonic pollution introduced by the
rectifier load.

Several methods have been proposed to attenuate voltage
harmonics caused by rectifier loads. Among such methods,
RCs have been identified as a feasible approach to improve
AC voltage quality. An RC-controlled CI is discussed in the
next section.

B. Conventional RC and Its Limitations

The structure of a conventional RC (CRC) is shown in Fig.
5. Such RC is realized on the basis of a QPR controller. In
Fig. 5, the reference voltage signal is expressed as R(z), the
output signal is expressed as )(z), and the objective plant is
denoted by G,(z). Two filters O(z) and G(z) are inserted into
the CRC structure to optimize the robustness of the entire
system. Gopr(z) and Gere(z) are the transfer functions of the
QPR controller and CRC, respectively. The QPR controller
achieves the fast control of fundamental frequency, and the
CRC ensures harmonic suppression.

Fig. 6 illustrates the bode plot of the CRC. As shown in the
figure, the control gains at each harmonic frequency are
slightly large. An excellent harmonic suppression can be
achieved theoretically if harmonic frequencies are consistent
with the resonant frequencies of the CRC.

The functionalities and limitations of the CRC are analyzed
by the simulation results (Figs. 7 and 8). Fig. 7 shows the
output of the CRC-controlled CI, and Fig. 8 presents the
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Fig. 6. Bode plot of the CRC: (a) Magnitude; (b) Phase.
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Fig. 7. Output voltage of parallel CRC-controlled CI.
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Fig. 8. Spectra of parallel CRC-controlled output voltage: (a)
Spectrum under the 10th order; (b) Spectrum over the 10th order.

spectrum. Notably, the parameters in the simulation are
similar to those in the experimental setup.

As shown in the figures, the THD of the output voltage is
approximately 5.52% when the CI feeds a rectifier load.
According to the comparison results of Figs. 8 and 3, the CRC
achieves a satisfactory harmonic suppression performance.
Hence, the CRC can improve the AC voltage quality.
However, large harmonics exist in the AC voltage. According
to Fig. 8, only high-order harmonics with magnitudes lower
than 0.25% are suppressed, and they are unable to dominate
the THD. Moreover, the magnitudes of the 5th and 7th
harmonics are 2.1% and 1.7%, respectively. The low-order

harmonics are still considerable and thus contribute greatly to
the THD. Therefore, the CRC is unable to adequately
suppress the low-frequency harmonic pollution caused by the
rectifier load.

According to the abovementioned analysis, the CRC is
insufficient to eliminate the low-order harmonics when the CI
operates under rectifier load. The control gains for the
harmonics should be set to large values to enhance the
harmonic suppression performance. This approach can be
achieved by increasing k.. of the CRC, as shown in Fig. 5.
Theoretically, a large k,. of the CRC is always preferred for
superior AC voltage quality. However, k,. cannot be overly
large because it could introduce and amplify a high-frequency
interference that leads to the instability of the control system.
However, if k,. is not large enough, the low-order harmonics
cannot be suppressed efficiently.

Therefore, the key point of this study is to increase control
gains at low-order harmonics separately without influencing
the high-order harmonic suppression performance. Moreover,
the method should be simple and practical to be applicable to
submarine propulsion.

III. IMPROVED RC

A. Structure of Improved RC

In this section, an improved RC is investigated to increase
the control gains of the RC at low-order harmonics separately.
Fig. 9 shows the structure of the improved RC, and Fig. 10
illustrates the detailed block diagram of the control system.

The difference between the improved RC and the CRC is
the employment of SHGC. This SHGC plays a critical role in
control gain amplification, as shown in Fig. 11. The SHGC
consists of a BPF and proportional element K. The transfer
function of SHGC can be expressed as follows:

GSHGC(S):K'GBPF(S)’ (1)

where Ggpi(s) is the transfer function of the BPF and is
expressed as follows:

20,5
G (5) = !

s 4205+ 0,7 @
where w;. is the cutoff frequency of the BPF and wj denotes
the central frequency, which influences the control gain
compensation for each harmonic.

The operation principle of SHGC is discussed as follows.

The low-order harmonic error should be separately magnified
to increase the control gains. Therefore, the first step is to
extract these low-order harmonics from the input error signal.
Accordingly, a BPF is used for stated purposes. The central
frequency of the BPF is set to the Sth order. The cutoff
frequency is set to a value that guarantees that the low-order
harmonics can be selected.

Aside from the extraction, the next important step is to
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TABLE I
PARAMETERS OF QPR CONTROLLER, CRC, AND IMPROVED RC

Controller T}Ea(rl;ri?tgé()f Listed parameters
QPR 4 W, 0, K, k,
CRC 4 0(2), ke, GA2), N
Improved RC 7 0(z), ke, GA2), wp, w4, K, N

amplify these low-order harmonics. This approach can be
achieved by multiplying a proportional element K with the
extracted errors. This extracted error is superimposed over
the initial one, thereby magnifying the specific harmonic
error separately.

Finally, this synthetic error is transmitted into the CRC.
This condition increases the control gains at low-order
harmonics. Notably, the harmonic suppression performance
for high-order harmonics is undegraded. According to closed-
loop control theory, a large control gain always helps to
reduce errors, indicating that low-order harmonics can be
suppressed further. The parameters of the QPR controller,
CRC, and improved RC are summarized on the basis of Eq.
(6) and Figs. 5 and 10 (Table I). The QPR controller has the
simplest configuration and lowest computational burden.
However, the harmonic pollution introduced by the rectifier
load is unsuppressed, as shown in Fig. 4. The CRC has an
increasingly complex configuration, large calculation, and
harmonic suppression capacity relative to the QPR controller.
However, the CRC is unable to eliminate the low-frequency
harmonics in the output, as shown in Fig. 8. Compared with
the CRC shown in Fig. 5, the improved RC introduces SHGC,

and only three additional parameters should be designed: the
gain factor K, the cutoff frequency @y, and the central
frequency w;. Moreover, the additional configuration and
computational burden is not complex. Although the
configuration of the improved RC is slightly more complex
than those of the QPR controller and CRC, the low-frequency
harmonics can almost be eliminated. Moreover, the improved
RC can be paralleled with the QPR controller directly, and
the parameters of the QPR controller need no alteration.
Therefore, the proposed scheme is still simple and practical
and a highly desirable method for submarine propulsion.
As shown in Fig. 5, Gcre(z) can be expressed as

chc<z>=Gf(z)G;c(z)=@(z)%,

where N denotes the ratio of the sampling frequency and
fundamental frequency and Gf(z) is the stability filter, which
can be expressed as follows:

G,(2)=2"8(z), @)

Where (3) indicates that the poles of the CRC are located
at the fundamental frequency and its multiples. Q(z) can be a
constant less than 1 or a low-pass filter to increase the system
stability margin. The following Q(z) is selected due to its
simple implementation:

0(2)<0.9 (%)

3)

Gorr(z) can be described in the s-domain as follows:

oK
Gy (5) =k, + = (6)

s H2os+0
where w. determines the bandwidth of the QPR controller and
w, 1s set to the fundamental frequency.

According to Fig. 10, the closed-loop transfer function for
the improved RC can be derived as

y(z) _ ((1+GSHGC (Z))GCRC (Z)+GQPR (Z))GP(Z)
R(z) 1+ ((1+ Gyoe (2)) Gene (2) + Gore (2)) G, (2)
y(2) _ !

d(z) 1+((1+GSHGC(Z))GCRC(Z)+GQPR(Z))G[J(Z)’ ®

where Eq. (7) denotes the transfer function from the reference
to the output and Eq. (8) is the transfer function from the

0

disturbance to the output.

Figs. 12 and 13 show the bode plots of the BPF and
improved RC. In comparison with those of the CRC, the
control gains of the improved RC at low-order harmonics are
enlarged by the inclusion of a SHGC. The control gains at
fundamental and high-order harmonic frequencies are
maintained to be equal to those in Fig. 6. Finally, by adjusting
K of SHGC, all the harmonics and low-order harmonics are
suppressed.

Remark 1. The main contribution of this study is the
improved RC based on SHGC. SHGC is the harmonic
compensator for low frequency harmonics that is unrealized
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by the CRC. The low frequency harmonics are uncompensated
for without SHGC. Thus, large low frequency harmonics will
exist in the AC voltage. According to the aforementioned
analysis, the harmonic pollution caused by the rectifier load is
mainly located in the low frequency domain and contributes
greatly to the THD. Therefore, the inadequate harmonic
compensation will still result in an unsatisfactory AC voltage
quality.

Remark 2. In this study, the improved RC is used to
suppress the harmonic pollution in an islanded microgrid,
whose control loop is closed by AC voltages. Fundamentally,
the improved RC can be also used in grid-connected inverters
with polluted or weak grids, whose control loop is closed by
AC currents. The large harmonics of a grid can be selected,
and their control gains are increased by setting w; and oy
appropriately. This condition indicates that these harmonics
can be suppressed further. Finally, the output current of the
inverter is improved. The application of the improved RC in a

grid-connected CI is part of our future work.

Remark 3. According to Table I, the improved RC has
seven parameters: Q(z), k., G(z), oy, w;, K, and N, where N
denotes the number of samples of each cycle; O(z) and G(z)
are used to improve the stability of the proposed scheme; £,..
determines the control gains provided by the CRC; w,. and wy
dominate the compensation range of the SHGC; and K
establishes the control gains provided by the SHGC. The
detailed discussion of these parameters is presented in
Section IV. Although the parameters of the improved RC are
more than those of the CRC and QPR controller, the
improved RC can achieve better harmonic performance than
the CRC and QPR controller can. Moreover, the design
procedure of the improved RC can be simplified significantly
under the existing CRC and QPR controller; here, only three
parameters of SHGC should be designed: wg, wg, and K. In
this way, the improved RC is suitable to improve the
performance of the CRC-controlled system.

B. Stability Analysis

According to Fig. 10, all poles of Eq. (9) must stay inside
the unit circle when the CRC and SHGC are unplugged from
the closed-loop system.

P(z)
P(z)=———mMmMm———— )
+(2) 1+ Gypp (2)P(2)
On the basis of Egs. (7) and (8), the characteristic
polynomial of the improved RC can be expressed as
1+[(1+ G0 (2)) Gre (2) + G (2)1P(2)
=1+ (1+ G0 (2) G (2) P(2) + Gy (2) P(2)

_ (14 G50 (2) G g (2) P(2) (10)
=1+ P(2)Gyp (2))(1 + 1+ P(2)Gypa(2) )

=1+ P(@2)Gppp (D)1 + (1+ Gy (2)) g (2) By (2)).

As shown in Eq. (10), the improved RC becomes stable

when the poles of Eq. (9) stay inside the unit circle and
1+ (1 + Gsuec(2))Gere(z)Po(z) # 0 is met. The poles of Eq. (9)
will be inside the unit circle by designing Gopr(z). Therefore,
the following inequality should be true to guarantee the
stability of the system:

|1+(1+ Gy @) Gerc @) B (2)] % 0. (11)
Substituting Eqgs. (3) and (4) into Eq. (11) yields
1-0@)7 "+ k,02)2 " S@)(1+ Gy (D) (2)] % 0. (12)
If the following condition is met, Eq. (12) will be true:

0@z [1-k, 2" S@1+ Gyee DB | <1

Vz=e 0<w<r.

(13)

If the frequencies of R(z) and d(z) are located at
W, =2nm /N, with m=0, 1, 2,.... M (M=N/2 for even N
and M= (N — 1)/ 2 for odd N), then z" = 1 [30], Eq. (13) can
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be simplified as
0@ [1-k, 2" S@)(1 + Gy @DR@) || <Lz=e".  (14)
Eq. (14) is rewritten as follows to facilitate the analysis:
‘Q(z)[l —k 2" S(Z)H(z)f{](z)] <lLz=e", (15)

where H(z) = 1 + Ggyg(2).

Eq. (15) can be rewritten assuming that H(z), S(z), Py(z),
and Q(z) have magnitude and phase characteristics Ny(e'”)
and 6,(¢”), Ns(¢) and O5(€’), Npo(€”’) and Gpo(¢”), and less
than 1 and 0 repetitively, respectively.

05 ()40 (/7 )40p (") +m e |

1=k Ny (&N, ("IN (e | a1 (16)

According to Euler's formula, considering that k,.> 0,
Ni(€) > 0, No(¢”) > 0, and Npo(¢”) > 0, we have

0 <k Ny(€IN, ("IN, (€") < 2005] Oy (€™*) + 6, (") + Oy (&) +mev]. (17)

The following condition must be satisfied to guarantee that
Eq. (17) is true:

105(7") + 0, (") + 0,0 (") + ma| < % (18)

2c08[ O5(e") + 6, (") + Oy () + Mo |

0 <k, <min o - -
Ny(e’)N,,(e’)Np,(e’)

. (19)

According to the abovementioned analysis, the phase
compensator z" can be designed by Eq. (18) in the stable RC
system. The gain factor of the RC and SHGC can be selected
by Eq. (19). Therefore, the improved RC is stable if the
following conditions are satisfied.

(1) All the roots of 1+Gyp(2)P(2)=0 must stay in the

unit circle.
) [05(e™)+ 0, () + Op () + ma < %

2cos[6’S @) +0,(e’)+60,,(e’) + mw}

(3) 0<k, <min — —~ —~
Ng(€")N;;(€"")Npy(e™)

IV. CONTROLLER DESIGN

A. Plant Modeling

Fig. 10 shows the control system of the improved RC,
where L;, L,, and C are the parameters of the LCL filter. The
passive damping resistor R; is also used to suppress the
resonance hazard of the LCL filter. Since the LCL filter is
three order system and the L, is much smaller than L,, and its
influence on output voltage is negligible. In order to simplify
the analysis. The transfer function of LCL filter can be
simplified as

ns+n,
dys’ +d,s* +ds+d,’

where n = RdC, ny = 1, d3 = 0, dz :LIC, d] :RdC, and do =1.

P(s) =

(20)

The parameters of the CI with the LCL filter are presented in
Table II.

B. Design of the Proposed Control Scheme

The improved RC has several main parameters to be
designed. These parameters can be summarized as follows.

(1) QPR controller, internal constant Q and N: According
to the aforementioned analysis, the QPR controller should be
designed to stabilize the control system when the improved
RC is unplugged from the closed-loop system. The QPR
controller can be designed according to engineering experience,
which is no longer discussed in this study. Q is used to
guarantee stability by decreasing the peak gain of the RC. In
this study, Q = 0.95 is selected for ease of implementation. N
denotes the ratio of sampling and fundamental frequencies. In
this study, the sampling frequency is 5 kHz; therefore N is
designed as 100.

(2) Band-pass filter Ggpr(z): The BPF is used to extract
specific harmonics from the input error signal. The selection
of w; determines which harmonic we want to suppress.
Assuming that k.. of the RC is constant, we enhance the
control gain at the 5th harmonic when we set w; such that it
is five times that of the fundamental frequency. Similarly, the
control gain at the 7th harmonic is enhanced when wj is set
to the 7th order. In this study, the 5th harmonic is slightly
large in the output. Hence, the o, is set to the 5th order. w;. is
the cutoff frequency of the BPF and determines the range of
the selected harmonics. The bode plots of GppAz) with
different wy, are presented in Fig. 14. As shown in the figure,
SHGC can select more harmonic contents with the increase
of the . According to Fig. 8, the output voltage is still
polluted by large 5"™- and 7"-order harmonics without SHGC.
Therefore, the bandwidth of the BPF should be large so that
the 5th and 7th harmonics can be selected. If the bandwidth
of the BPF is too narrow, only the control gain at the 5th
order can be compensated for efficiently, and the control gain
compensation at the 7th order is insufficient. A possible way
to settle this problem is to include another BPF for the 7th
order in the SHGC. Although the BPF can magnify the
control gain at the 7th order, it will increase the complexity of
the SHGC further. A practical solution is to set the bandwidth
of the BPF to a large value until it meets the control gain
requirement for the 7th order. We should note that the
bandwidth of the BPF cannot be overly large; otherwise, it
will attenuate the rejection for high-order harmonics. In this
study, wy,=785rad/s is selected for the abovementioned
purposes.

(3) Low-pass filter S(z): S(z) is a low-pass filter used to
suppress high-frequency signals for stability. A Butterworth
low-pass filter is preferred because of its fast attenuation
characteristic after cutoff frequency, which can enhance the
system stability. Therefore, a Butterworth low-pass filter,
whose cutoff frequency is at 1 kHz, is used in this study. S(z)
can be expressed as follows:
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Bode Diagram
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Fig. 14. Bode plots of Gpr(z) with different cwy.
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Fig. 15. [05(€"”) + () + Opo(€") + mew] with different m and K.
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(4) Phase compensator z": Z" is a phase compensator used to
offset the phase lag introduced by Ggye(z), Po(z), and S(z).
Moreover, z" can increase the phase margin to realize
improved system stability, and a large k.. can be chosen to
increase the control gains of harmonics. A suitable m should be
selected such that [O4(€”) + 0,(€”) + Op(€”) + mw] can
approach zero to realize a desirable system stability. As noted
from (1), (2), H(z), and (16), the compensator gain K will also
influence the value of [y(€") + 0i(€"”) + Opo(€”) + mw], and K
should not be overly large; otherwise, overcompensation for
the 5th and 7th harmonics will lead to system instability.
Therefore, K should not be larger than 2. Fig. 15 illustrates
[04(€”) + O01(€”) + Opy(€”) + mew] with different m and K. As
shown in Fig. 15, m has a much greater effect than K does in
the frequency range greater than 200 Hz and less than 1 kHz.
In this study, m =3 is selected due to the minimum phase
shift.

(5) Gain factor k,. and K: According to Eq. (19), we can
choose £, as

_ 2008(6(e™) + 0, (") + O,y (e") + o)
k., <min —~ —~ —~
N(e")Ny (e’)Npy(e’)
2cos[max|6s(ef’”)+9H(e’“’)+0,30(e""’)+ma)”

max| Ny(e’* )N, (e" )Ny (e™) ]

(22)

<
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Fig. 16. [04€") + 0,(€) + Op(¢*) + mw] with m = 3 and different
K

According to the aforementioned analysis, m = 3 is chosen.
Fig. 16 illustrates [O5(€”) + By() + Opo(¢”) + mw] with
different K and m =3 for the analysis of K's effect on the
phase shift.

As shown in Fig. 16, [85(€) + 0u(”) + Opo(¢?) + mo)|
becomes large with the increase of K. K, is equal to 2 due
to the design requirement. Therefore, the largest phase shift
must exist when m =3 and K = 2, and the following equation
is true:

max|95(ejw)+gy(ejm)+9Po(ejm)+mw|m=3 (23)

= max|0; (") + 0, (e") + O, (") + ma)|m:3,K:2 )

In the figure, max|0s('”) + 8:('”) + Opo(€”) + mw)| is 33.5°,
with K = 2 in the frequency range less than 1 kHz. Therefore,
the minimum numerator of Eq. (22) is equal to 1.668. If K <2
is selected, the numerator of Eq. (22) must be greater than
1.668.

According to Egs. (1), (2), (9), and (21), Ni(¢) is
influenced by K, and [Ny(¢”) Np(¢”)] is irrelevant to K.
Consider the following inequality:

max| Ny(e* )N, (e"*)N () |

. , v (24)
<max| N, (e") |max| Ny(e’*)N,(e") .
Therefore, Eq. (24) can be guaranteed if
200s[max|9s @)+ 6,(’) + 0,,(e”) + ma)”
“ T max [ Ny(@)N (") [max[ N, () ] 5

B 1.668
N max[NS(ej”)NPo(e’“’)Jmax[NH (ej‘“)].

According to Eq. (25), max[Ny(e¢”)Np(¢”)] and
max[N(¢’*)] can be analyzed separately. Fig. 17 illustrates
the curve of [Ng(¢”)Npo(¢)].

As shown in Fig. 17, [N(¢”)Npo(¢”)] varies from 27.9 dB
(0.04) to 31dB (0.028) until 1kHz.  Thus,
max[Ng(€’’)Npo(¢”)] is 0.04. Substituting this value into Eq.
(25) yields

- 1.668 417
~ 0.04max| N, (e")]  max|[ N, ()]

(26)

re
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According to the expression of H(z), the gain of unity is
constantly equal to 0 dB, and max[Ny(¢”)] is determined by
Gspee(z), which can be equivalent to a superposition of the
SHGC and unity. From the aforementioned analysis, SHGC
consists of a BPF and proportional element K, and the BPF
has the largest control gain at w. Therefore, H(z) also has the
largest control gain at @y Substituting w = w;. into H(z) yields

max[ N, () |=1+K . (27)
Substituting Eq. (27) into Eq. (26), we have the relationship

between £, and K, which is also plotted in Fig. 18.

417
“ O 1+K

(28)

As shown in Fig. 18, k. and K cannot be designed
separately because k,. should be inversely proportional to K.
Only £, < 14 can be chosen when K =2 is selected; this case
leads to the overcompensation of the 5th and 7™ harmonics.
Moreover, the control gains at the other harmonics will be
inadequate. Thus, the overly large K is suppressed, which is
consistent with the aforementioned analysis. However, an
overly large k. is also suppressed because the immense
control gains will reduce the stability margin of the system.

The model uncertainties of Py(z) also require close
attention. According to Fig. 18, k. or K should be smaller
than the theoretical value. In this study, we assume that the
control system has 25% model uncertainties. &, and K are
determined by the following inequality:

_417x0.75 _31.275
T+ K 1+K

(29)
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— K=1.5k~12
— K=1.0,k=15
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Fig. 19. Locus of ¥(¢°™) with different combinations of K and k...

According to Eq. (29), the alternative design of K and £,.

can be summarized as follows:
() K=2, k.= 10;
(b)K=1.5,k.=12;
©K=1,k.=15
(d)K=0.5, k,.=20.

Moreover, according to Eq. (15), assuming that
Y(@“") = Q(&P)[1 — k,2"H(¢“™)S(¢™)Po(¢”"™)], the curve
of Y(¢°") must stay inside the unity circle. We hope that
Y(¢°") has a small magnitude, which indicates a large
stability margin, fast error convergence, and excellent steady-
state harmonic suppression [28], [29]. Fig. 19 illustrates the
locus of Y(¢”") (wE€[0, n/ T,]) with different combinations
of k,. and K, where the T, denotes the sampling period.

As shown in Fig. 19, the locus exceeds the unity circle due
to the overly large control gains when k,. =20 and K =0.5,
which is consistent with the aforementioned analysis. The
rest of the locus is located inside the unity circle. Moreover,
the curve of Y(¢"™) with k,.=12 and K=1.5 has a more
stable margin than those of the others. In this study, k.= 12
and K=1.5 are adopted. Furthermore, k.=10, K=2,
k..=15,and K =1 are tested in the experiment.

According to the abovementioned analysis, we can obtain
suitable controller parameters, and the controller is implemented
by STM32F407. The proposed control algorithm is based on
the C language and compiled by MDKS. FPGA is also used to
generate 36 IGBT gate signals to control the nine H-bridges.

V. EXPERIMENTAL RESULTS

A three-phase CI under a rectifier load is studied to verify
the effectiveness of the improved RC. It is then compared with
the CRC, which is defined as Eq. (3) and uses no SHGC. The
rectifier circuit includes a three-phase diode rectifier with an
LRC load. The experimental conditions are presented in Table II.

Fig. 20 shows the phase “a” output voltage and its spectrum
with the CRC. According to the spectrum, the THD of the
output voltage is 5.82%, which exceeds the 5% restriction
value of the IEEE 1547 standard. Notably, according to Fig.
20, the low-order harmonics are slightly large without SHGC,
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TABLE II
RELEVANT PARAMETERS FOR CI
Meaning and symbol Value
Cascaded number n 3
DC Voltage V...V 200V
Output filter inductance L; 1.45mH
Output filter inductance L, 0.1lmH
Output filter capacitor C 100uf
Damping resistor R, 1Q
Rectifier Load L, 100pH
Rectifier Load C, 1900uf
Rectifier Load R, 15Q
Fundamental frequency f; 50Hz
Sampling frequency f; SkHz
Switching frequency f; SkHz
Amplitude of reference V" 311V
Dead-time T 8.2us
+
A A
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Fig. 20. Phase “a” voltage and spectrum under CRC: (a)
Waveform; (b) Spectrum for phase “a” voltage.

and the maximum amplitudes of these harmonics is equal to
2%, which will still result in an unsatisfactory AC voltage
quality. This condition is due to the weak control gains for
these harmonics. Fundamentally, an overly large CRC gain
factor is suppressed, thereby resulting in system instability.
This problem can be settled by including a SHGC in the
existing CRC. Such addition is the primary contribution of this
study.

Figs. 21, 22, and 23 illustrate the phase “a” voltages and
spectrum under the improved RC with different combinations
of K and k.. The THD values of the output voltage in Figs. 21,
22, and 23 are only 2.66%, 2.63% and 2.65%, respectively,
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Fig. 21. Waveform and spectrum for the phase “a” voltage under
the improved RC with K=1 and £,.=15: (a) Waveform; (b)

Spectrum for the phase “a” voltage.
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Fig. 22. Waveform and spectrum for the phase “a” voltage under
the improved RC with K= 1.5 and £,. = 12: (a) Waveform; (b)

spectrum for the phase “a” voltage.

when SHGC is used. This result is much lower than that without
SHGC. The low-frequency harmonics are compensated for
significantly, and the maximum amplitudes of the low-order
harmonics are approximately equal to 0.8%, which is much
lower than that in Fig. 20. Therefore, the improved RC can
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Fig. 23. Waveform and spectrum for the phase “a” voltage under
the improved RC with K=2 and k,.=10: (a) Waveform; (b)

Spectrum for the phase “a” voltage.

suppress the low-order harmonics further relative to the CRC
by compensating for the control gains of low-frequency
harmonics. The result is a satisfactory AC voltage quality.
Moreover, the THD of the output voltage is smaller than
those of other two combinations of %,. and K when £,.= 12
and K=1.5, which is consistent with the aforementioned
analysis. Nevertheless, the improved RC is based on a
particularly simple alteration on the existing CRC and can
obtain strong harmonic suppression that is desirable in most
applications.

The crest factor (CF) is used to describe the nonlinear
distortion of an AC power waveform. CF is calculated by the
ratio of the current peak to the current effective values. The
optimal crest factor (OCF) desired by the load is this ratio
when the input voltage is a pure sine wave. In general, most
common electrical appliances are benefitted by a CF of 1.4,
such as resistive load. However, nonlinear loads, such as
rectifier loads, call for an OCF that is greater than 1.4 and
approaches 2 or 3 [12], [13]. If the practical CF (PCF) is
much lower than this OCF, the inverter is inefficient to
supply the OCF desired by the load. Moreover, the output
voltage waveform of the inverter will be distorted. Therefore,
we hope that the PCF is close to the OCF. According to the
MATLAB analysis, the OCF is calculated as 1.499 when
L,=2mH, C.=1900 pf, and R, =15 Q are chosen. The OCF
is calculated as 1.74 when L,=1mH, C,.=1900 pf, and
R,=15Q are preferred. Moreover, the OCF is 2.6 when
L.=100 pH, C.=1900 pf, and R,=15Q are selected. Figs.
24, 25, and 26 show the output voltage under the improved
RC and CRC when the OCFs are 1.499, 1.74, and 2.6,

*  PCF=1.45THD=6.08%
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Fig. 24. Output voltage of the CI when the OCF is 1.499 under:
(a) Improved RC; (b) CRC.
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Fig. 25. Output voltage of CI when the OCF is 1.74 under: (a)
Improved RC; (b) CRC.
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Fig. 26. Output voltage of CI when the OCF is 2.6 under: (a)
Improved RC; (b) CRC.

respectively. As shown in Figs. 24, 25, and 26, the PCF is
much lower than the OCF when SHGC is not utilized, and the
CRC-controlled CI is unable to supply the OCF desired by
the load. Thus, the output voltage is distorted and exceeds the
5% restriction value of the IEEE 1547 standard. The PCF is
much closer to the OPF when SHGC is used, and the output
voltage values are almost sinusoidal. The THD values are
only 2.56%, 2.52%, and 2.72%, respectively, which are much
lower than 5%. Therefore, the improved RC has much better
adaptability to nonlinear loads than the CRC does.

Figs. 27 and 28 illustrate the THD of the output voltage
under different C, and L,, respectively, to compare the
adaptability of the improved RC and CRC to the detailed load
parameters. In Fig. 27, L, = 0.1 mH and R, = 15 Q are chosen.
In Fig. 28, C,=1900 uF and R,=15Q are preferred. As
shown in Figs. 27 and 28, the THD is constantly greater than 5%
under different C. and R, when SHGC is not utilized. When
SHGC is employed, the THD is almost constant and lower
than 3% under different C, and L,; it is also much lower than
that without SHGC. Therefore, compared with the CRC, the
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improved RC has stronger harmonic suppression capability
and better adaptability to load parameters because of the
utilization of SHGC.

VI. CONCLUSION

In this study, an RC with SHGC for ClIs is proposed. The
proposed RC features a simple configuration and is applicable
to submarine propulsion applications. The improved RC
compensates for control gains for the low-order harmonics
introduced by rectifier loads. Hence, these harmonics are
eliminated, and the AC voltage quality is significantly
improved relative to the case involving the CRC. According to
the experimental results, the improved RC achieves better AC
voltage quality than the CRC does when feeding a high-power
rectifier load. The THD of the AC voltage is approximately
2.63% with the improved RC, whereas this value is up to
5.82% with the CRC. Finally, the improved RC shows better
adaptability to different rectifier load conditions than the CRC
does.
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