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Abstract: The low frequency ripple of the input side current of the single-phase inverter
will reduce the efficiency of the power generation system and affect the overall performance
of the system. Aiming at this problem, this paper proposes a two-modal modulation method
and its MPC multi-loop composite control strategy on the circuit topology of a single-stage
boost inverter with a buffer unit. The control strategy achieves the balance of active power
on both sides of AC and DC by controlling the stable average value of the buffer capacitor
voltage, and provides a current reference for inductance current of the DC input side. At the
same time, the MPC controller uses the minimum inductor current error as the cost function
to control inductor current to track its reference to achieve low frequency ripple suppression
of the input current. In principle, it is expounded that the inverter using the proposed control
strategy has better low frequency ripple suppression effect than the multi-loop PI control
strategy, and the conclusion is proved by the simulation data. Finally, an experimental
device of a single-stage boost inverter using MPC multi-loop composite control strategy
is designed and fabricated, and the experimental results show that the proposed research
scheme has good low frequency ripple suppression effect and strong adaptability to different
types of loads.
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1. Introduction

With the continuous improvement of human society’s demand for sustainable energy, new
energy power generation technologies such as photovoltaics and wind power have attracted more
and more attention [1-7], and inverter technology is a key technology in new energy power
generation systems [8—12]. Single-phase inverters are usually used in small and medium power
applications such as energy storage systems and power distribution systems (such as photovoltaic
systems) [13]. However, the low frequency ripple on the input side of single-phase inverters
greatly affects many performances of the inverter. For example, in inverters using fuel cells, low
frequency ripple in the input current will increase battery losses, reducing efficiency and dynamic
performance [14]. In the photovoltaic inverter, the low frequency ripple of the input current
will affect the MPPT of the photovoltaic cells, reducing the power generation efficiency of the
system and the energy utilization rate of the photovoltaic cells [15, 16]. In addition, in the field
of electric vehicles, which has developed rapidly in recent years, the existence of low frequency
ripple will cause damage to the power battery of electric vehicles [17]. Therefore, the research
and application of input current low frequency ripple suppression technology have important
engineering significance.

The input current low frequency ripple suppression technology usually adopts methods such
as adding a buffer circuit in the main circuit and improving the control strategy to transfer the
low frequency pulsating reactive power in the circuit to other components. Low frequency ripple
suppression technology can be divided into passive filter technology and active filter technology.
In traditional passive filtering technology, a large electrolytic capacitor is usually connected in
parallel with the input source of the inverter. This capacitor and the internal resistance of the input
source form a first-order low-pass filter to filter the secondary ripple component [18]. However,
the low frequency ripple suppression effect of the input current obtained by passive filtering
technology is poor, and the passive components in the filtering circuit are bulky and short-lived.

In order to achieve better ripple suppression and power density, some researchers use existing
circuit hardware as an auxiliary circuit to suppress DC side low frequency ripple. References [19]
and [20] proposed capacitive active filter circuits based on an auxiliary battery charging module,
and reference [21] used an existing charging system to act as an active filter for auxiliary battery
charging or as a power battery charger. By time-sharing multiplexing, high frequency current
and low frequency current ripples in the driving charging mode can be suppressed separately.
Although these methods have good low frequency ripple suppression of the DC side input current,
they all require the addition of passive energy storage devices and relays with low integration.
Reference [22] have proposed a circuit that achieves a high power factor with a wide output
voltage range, as well as ripple power decoupling without using electrolytic capacitors, but the
additional inductors and switching devices add to the size and manufacturing costs of the circuit
system. Subsequently, in order to reduce the size of the circuit and reduce the cost of the circuit
hardware, many articles proposed integrating the active filter circuit with the original circuit and
diverting low frequency ripple to the buffer capacitor. Reference [23] improved the traditional
boost circuit to propose a new single-stage inverter circuit topology, reference [24] proposed
a new active filter single-stage boost inverter topology based on the buck-boost circuit, and
reference [25] proposed a four-switch single-phase common-ground photovoltaic inverter with
power decoupling capability. The power decoupling circuit in these circuits partially or even
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completely shares switches with the original converter, integrating the power decoupling circuit
with the original converter without the need for additional power electronics. The researchers
have also made improvements in the control strategy for the low frequency ripple suppression
technique. Reference [26] proposed a controller based on automatic power decoupling concept for
a dependent power decoupling circuit with no extra switches. Reference [27] proposed a DC bus
capacitor decoupling control strategy for a full-bridge inverter, but the proposed circuit topology
uses input filter capacitors and buffer capacitors with a large capacitance, and the proposed
control strategy is complicated. Reference [28] proposed a multi-loop PI control strategy based
on three-modal modulation for a single-stage boost inverter with a buffer unit. Input current low
frequency ripple suppression effect of this scheme is good, but the single-stage boost circuit used
in reference [28] can only operate at a unit power factor and cannot be adapted to other loads.

Based on the research of these above related papers, this paper proposed an MPC multi-loop
composite control strategy based on two-modal modulation for a single-stage boost inverter with
a buffer unit. The control strategy has good low frequency ripple suppression effect and strong
load adaptability.

2. Circuit topology and input current low frequency ripple
suppression mechanism

The circuit topology of single-stage boost inverter with a buffer unit is shown in Fig. 1. The
circuit is composed of the cascading of the input source Vjy, the input filter Cj,, an energy storage
inductor L, the buffer unit, a single-phase inverter full-bridge and a C output filter. The buffer unit
is located on the DC side of the inverter, and is composed of a switch Sy, two diodes Dy, Dy, and
a buffer capacitor Cy,. Four blocking diodes are connected in series with the power switches S1~S4
on the bridge arm of the single-phase inverter, and constituting two-quadrant power switches that
can withstand bidirectional voltage stress and unidirectional current stress, at the same time, the
inverter is capable of operating with a power factor of O to 1 in any case. The buffer unit and the
single-phase inverter full-bridge jointly realize the suppression of low frequency pulsating power
and the boost inversion of the circuit.
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Fig. 1. Single-stage boost inverter with a buffer unit circuit topology
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The single-stage boost inverter with buffer unit has four circuit modes:

1. Mode I-inductor magnetization mode: only the switch Sg is turned on, Vi, magnetizes L
through Sy and Dy, the output filter supplies power to the load;

2. Mode II-capacitor charging mode: the switches So~S4 are all turned off, the diodes Dy
and Dy, are naturally turned on, Vi, and L jointly charge Cj, and the output filter supplies
power to the load;

3. Mode III(IV)-capacitor discharge energy feeding mode: the switches Sy, S1, S3 (or So, S2,
S4) are turned on, the capacitor Cj, is discharged, the inductor L is magnetized, and iy, rises.
Vin outputs positive (negative) modulation current i,, through L, Cp and Sy, S3 (or S, S4),
and supplies power to Cy and Z; , respectively;

4. Mode V(VI)-energy feeding mode: the switches S, S3 (or S, S4) is turned on, Vj, outputs
positive (negative) modulation current i, through L and Sy, S3 (or S, S4), and supplies
power to Cr and Z, respectively.

Among them, Mode I and Mode II are non-energy feeding modes, and Modes III-VI are
energy feeding modes. Modes I, III, and IV are the modes in which the energy storage inductor is
magnetized and the inductor current increases; Mode II is the mode in which the energy storage
inductor is demagnetized and the inductor current decreases; and for Modes V and VI, when
Vin > |vo|, the inductance is magnetized and the inductor current increases, and when Vi, < |v,|,
the inductance is demagnetized and the inductor current decreases.

This proposed circuit topology not only ensures the inverter function of the circuit, but also
suppresses the low frequency ripple of the input current (inductor current).

Set the fundamental components of the output voltage and output current as:

Vo (1) = V2V, sin (wot) , (1)
io(1) = V21, sin (wot — ¢) , )

among them, V,, and I, are the effective values of the inverter output voltage and current, w, is
the power frequency sinusoidal voltage angular velocity, and ¢ is the inverter power factor angle.

Without considering the high frequency ripple of the energy storage inductor current iy ()
and the buffer capacitor voltage v.p(t), if the input current (inductor current) low frequency
ripple can be suppressed during normal operation, and neglecting the device losses, from power

conservation, we can get:
Pg.  Vyl,cosg

iin (1) = = 3
At this time, the buffer capacitor voltage is:
dvep (t
Vep (1) - Cp - v—b() =V,1, cosRuw,t — ¢)
dr
VI . 4
= vepl(t) = 29 . sin Qwet — ) +Vy

woCb

V is the integral constant term.
In order to suppress the low frequency ripple of the inverter input current, combined with
the inverter circuit topology, power decoupling can be achieved by flexibly combining circuit
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modes and reasonably adjusting the duty cycle. The specific idea is, when the average value of
buffer capacitor voltage reference is reasonably set to V7, . the input and output active power
can realize the balance by controlling the average value of the buffer capacitor voltage V,p ave to
be equal to V7, . That is, when the output power is constant, if the average value of the buffer
capacitor voltage is higher than V7, . it indicates that the input active power is too large, and
the reference value of the input current needs to be reduced, otherwise the reference value of
the input current needs to be increased. Therefore, the voltage average value error of the buffer
capacitor can be used as the reference for the energy storage inductor current, and the current can
be controlled to track its reference value by configuring a suitable circuit mode to achieve a stable
average value of the buffer capacitor voltage. When the load active power is constant, the energy
storage inductor current reference obtained from the buffer capacitor voltage average error is also
constant, and if the energy storage inductor current can track its reference, the purpose of low
frequency ripple suppression of the input current can be achieved.

3. Mode modulation and control strategy

3.1. Multi-loop PI control strategy based on three-modal modulation

The multi-loop PI control strategy adopts three-modal modulation as shown in Fig. 2. Under
this modulation strategy, there are three circuit modes corresponding to two operating modes in
each switching cycle, namely the capacitor charging mode and the capacitor discharging mode.
Among them, the capacitor charging mode includes the inductor magnetizing mode, the capacitor
charging mode and the energy feeding mode, namely Modes I, II, V(VI); the capacitor discharging
mode includes the inductor magnetizing mode, the capacitor discharging energy feeding mode
and energy feeding mode, namely Modes I, IIIIV), V(VI).

When |m| + d < 1, the inverter works in the capacitor charging mode, as shown in the k;-th
switching cycle in Fig. 2. In the interval [kTy, (ki + |m|)Ts], [(k1 + |m|)Ts, (ki + 1 —= d)Ty]
and [(ky + 1 = d)Ts, (ki + 1)Ts], the inverter works in Modes V, II and I, respectively; when
|m| +d > 1, the inverter works in the capacitor discharge mode, as shown in the k,-th switching
cycle in Fig. 2. In the interval [k;T;, (ko + 1 — d)Ts], [(ky + 1 — d)Ty, (ky + |m|)Tg] and
[(k2 + |m|)Ts, (ko + 1)T], the inverter works in Modes VI, IV and I, respectively.

The multi-loop PI control strategy consists of a ripple suppression double loop and an output
voltage loop, as shown in Fig. 3. The double-loop ripple suppression is composed of an outer
loop of capacitor voltage average value and an inner loop of energy storage inductor current.
The capacitor voltage v, obtains the average value of the capacitor voltage V,pave through the
moving average filtering algorithm, and the error formed by Vcpave and its reference value V7,
is passed through the PI controller to obtain the reference value i} of the energy storage inductor
current, then the inductor current error formed by iy, and i} obtains the magnetization duty ratio d
through the PI controller. The error between the reference value v;, of the output voltage and the
output voltage v,, is passed through the PI controller to obtain the energy feeding duty ratio m.
In each high frequency switching period T, d is compared with the monotonically decreasing
sawtooth wave v.| to generate the driving signal of the switch Sp. And m is compared with
zero level to generate the positive and negative half cycle judgment signal v, of the inverter.
After taking the absolute value of m, it is compared with the monotonically increasing sawtooth
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Fig. 2. Three-modal modulation control principle waveform

wave v, to generate the inverter energy feeding pulse width modulation signal v4, and the driving
signals of the inverter full-bridge switches S;~S4 are obtained by v, and v, through the logic
circuit.

Vcbave
Vcbave +

Fig. 3. Multi-loop PI control strategy block diagram
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3.2. MPC multi-loop composite control strategy based on two-modal modulation

The proposed MPC multi-loop composite control strategy adopts two-modal modulation as
shown in Fig. 4. In order to realize real-time control of the output voltage, each T under the
two-modal modulation strategy contains the non-energy feeding mode (Modes I, II) and the
energy feeding mode (Modes III, VI); and in order to ensure that the input current fastly tracks
its DC reference without low frequency ripple components, the model prediction result is used
to determine the state of switch Sg in each T;. When Sy = 0, the non-energy feeding and energy
feeding modes of each switching cycle correspond to Modes II and V(VI) respectively, and the
inverter works in the inductance demagnetization mode, and i, decreases throughout 75; when
So = 1, the non-energy feeding and energy feeding modes of each switching cycle correspond
to Modes I and III(IV), respectively, and the inverter works in the inductor magnetization mode,
and iy, rises throughout 7.
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Fig. 4. Two-modal modulation control principle waveform
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As shown in the k1 -th switching cycle in Fig. 4, the circuit works in the inductor magnetization
mode. In the interval [k,Ty, (k| + |m|Ts], circuit works in Mode III, the energy storage inductor
is magnetized, and iy, rises; in the interval [(k; + |m|)Ty, (k; + 1)Ts], circuit works in Mode I,
the energy storage inductor is still magnetized, and iy, continues to rise. As shown in the k»-th
switching cycle in Fig. 4, the circuit works in the inductor demagnetization mode. In the interval
[k2Ts, (ko + |m|)Ts], the circuit works in Mode VI, and the change of the storage inductor
current i;, depends on the voltage across the inductor in the present mode; in the interval [(k, +
|m|)Ts, (ko + 1)Ts], the circuit works in Mode II, the energy storage inductor is demagnetized,
and iy decreases.

It can be seen from Fig. 4 that the inductor magnetization mode will inevitably cause iy to
increase, and the inductor demagnetization mode will inevitably cause 77, to decrease. Therefore,
the operating mode of each T period can be determined by setting the cost function of the model
predictive controller, which can minimize the error of the inductor current iy..

In order to realize the prediction of the current i7, in the cost function, the discrete prediction
expression of the energy storage inductor current is obtained by combining the inductance volt-
ampere relationship with the forward Euler method:

i (k) =ir(k)+ . ®)

v (k)
L
Ine.g. (5), ir (k) and vy (k) are the current and voltage of the energy storage inductor at the
initial moment of the k-th Ty, respectively.
When the inverter works in the inductor magnetization mode, the predicted value of the energy
storage inductor current at the end of the k-th Ty is:

Vin + Vep — sgn (m)v, Vi
neh T Ty + (1= D) ©)

i (k) =ir (k) +

When the inverter is in the inductor demagnetization mode, the predicted value of the energy
storage inductor current at the end of the k-th Ty is:

iL(k) = ir (k) +

Vin — o V — Ve
n 2380V Vo Ve . )
L L

So, the cost function is:
g(k) =i} (k) —ip(k). (8

According to the g(k)min calculated by each T, the model predictive controller selects the
circuit operating mode where g (k)min is located, and determines the S state.

Combining the above the two-modal modulation and the model prediction cost function, the
proposed MPC multi-loop composite control strategy is shown in Fig. 5. This control strategy is
composed of a ripple suppression double loop and an output voltage loop. The ripple suppression
double loop is composed of an outer loop of the buffer capacitor voltage average value and an
input current model prediction inner loop. In the outer loop, the error formed by the average value
of the capacitor voltage V,p, 4 and its reference value V;h ave 18 passed through the PI controller
to obtain the reference value i of the inductor current in the inner loop, and finally the inner loop
model prediction controller will directly provides the drive signal of Sy. In the output voltage
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loop, the output voltage reference value v, and the output voltage v, form an error, and then
the error passes through the PI controller to obtain the energy feeding duty ratio m, and m is
compared with zero level to generate the positive and negative half cycle judgment signal v,, of the
inverter. After taking the absolute value of m, it is compared with the monotonically increasing
sawtooth wave v to generate the inverter energy feeding pulse width modulation signal v4, and
the driving signals of the inverter full-bridge switches S;~S4 are obtained by v, and v, through
the logic circuit.

Fig. 5. MPC multi-loop composite control strategy block diagram

4. Comparison of low frequency ripple suppression effects
under two control strategies

As shown by the inductor current i; waveforms in Fig. 2 and Fig. 4, there are differences
in the low frequency ripple suppression effects of the energy storage inductor current under two
different control strategies.

For multi-loop PI control method based on three-modal modulation, the voltage reduction
phase of the inverter, namely |v,| < Vi,, the energy storage inductance remains magnetized in the
energy feeding mode during each 7 period, and this leads to the fact that the actual magnetization
time in the step-down phase is greater than dT, and iy will continue rising. Since the three-modal
modulation method cannot completely suppress the rise of iy in real time, the rise of iy has
a cumulative effect, which is equivalent to the existence of a double-frequency interference in iy,
that is, {7, must contain a certain double-frequency ripple.

Under the model predictive control, the circuit operating mode obtained from the cost function
determines the on-off of Sy in the whole 7, and thus can effectively control the current iy, in real
time, that is, Sg is on, iy, must rise; when Sy is turned off, iy will inevitably decline, and thus
ensuring that iy can track its benchmark quickly.

In the inductor magnetization mode, the variation of the energy storage inductor current in
one Ty is:

Aj _ Vin +vep — sgn (m)v,
ILon = I

Vi
miTy + (1= DT, ©)
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In the inductor demagnetization mode, the variation of the energy storage inductor current in

one Ty is:

Yo 258Uy, Do 2V (i (10)
According to e.g. (10), in demagnetization mode, when Vi, < sgn (m)v,, there is always

Aipog > 0; when Vi, > sgn (m)v,,, and if the value of V., 4. is large enough, Aiz g > 0 can also

be achieved. Therefore, the demagnetization mode can ensure that i;, always decreases.

According to e.g. (9) and e.g. (10):

Aipor =

Aigon — Aigof = 2Vin + (2|IZ| —Dvep T, - zsgn(”z”mlvo

Taking resistive full-load as an example, since m and v,, are approximately in phase, and the
positive and negative half cycles of v,, are symmetrical, so only the positive half cycle of v, needs
to be calculated. Taking the derivative of f(¢) to get:

T
Ts=f(f)f- 1D

1
2 N QM sinw,t — 1)V, 1, cos 2w,t

1
V,I, . 2
Cb( 2% sin2wyt + Vi
Wolp

—2V2w, MV, sin 2w,t, (12)

¢ Vo1
F (1) =2woM cos wt | =22 sin 2w, t + Vx)
Wolp

where M is the maximum value of the energy feeding duty cycle m(¢). Additionally, according

. . Vs . .
to e.g. (12), the extreme point can be obtained as ¢t = T and there is a maximum value
o

T . . . . ..
f (4 < 0, which means that there is always Aifon < Aigog under resistive load. It can be seen
Wo
that under the MPC control, the energy storage inductor current iy, changes once corresponding
to the inductor demagnetization mode of one 7, and the inductor magnetization mode of N7y,
that is, the change period Tyg is (N + 1)T;, as shown in Fig. 6.

According to Fig. 6, it can be obtained:

_ Aipofr Veb

N = — =
Airon Vin + mvep —mv,

- 1. (13)

According to the value range of m, it can be known from e.g. (13) that when m = 0, N
approximately obtains the maximum value:
Ve -V
Niax ~ cbave in - (14)
Vi
From Fig. 6, the maximum value of Ty can be obtained as:

Veb
Ts0max = (1 + Nmax) Ts = TMTY . (15)
It can be seen from e.g. (15) that Tomax is much smaller than the power frequency period
Ty, so iy can quickly track 77, and there is almost no low frequency pulsation, that is, iy, only
has high frequency pulsation. Therefore, in principle, compared with the multi-loop PI control
strategy, the proposed MPC multi-loop composite control strategy has stronger low frequency

ripple suppression ability.
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Fig. 6. Inductor current change waveform

5. Simulation and experiment

5.1. Simulation analysis

Under the parameters in Table 1, the simulation results of the inverter working under resistive
full-load using the multi-loop PI control strategy are shown in Fig. 7. Among them, it can be seen
from Figs. 7(a)—(c) that the inverter input 100 V DC voltage, the output waveforms of v,, and i,
are good, and the low frequency pulsation of i;, and iy, is small, and v, presents approximately
double-frequency pulsation near its reference value. The FFT of input current ij, is shown in
Fig. 7(d), the THD value of the input current ij, is 1.61% and its harmonic content is maximum at
200 Hz frequency, which is about 1.1%, indicating it has a good low frequency ripple suppression
of the input current.

Table 1. Key parameters of circuit

Parameter name Symbol Value Unit
Rated power S 1000 VA
Rated output voltage rms value Vo 220 v
Input voltage Vin 100 v
Energy storage inductor L 2.85 mH
Buffer capacitor Cp 100 pF
Input filter capacitance G 330 pF
Output filter capacitance Cy 10 pF
Switching frequency f 50 kHz
Buffer capacitor voltage reference v: b ave 380 v
Load resistance R 48.4 Q
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Fig. 7. Steady-state simulation waveform of resistive full-load with multi-loop PI control strategy: input
voltage V;,, input current ij, (a); Vi, = 100 V output voltage v, output current i, (b); buffer capacitor
voltage v.p, energy storage inductor current i7, (c); FFT of input current i;, (d)

With the same circuit parameters, the simulation results of the inverters using MPC multi-loop
control strategy are shown in Fig. 8. Figures 8(a)—(c) shows that the inverter can still output v,
and i, with high quality when it inputs 100 V DC voltage. And compared with the results of
multi-loop PI control, it can be noticed that compared to the inductor current iy, in Fig. 7(c),
the inductor current iz, in Fig. 8(c) has increased high frequency pulsation, but compared to the
input current ij, in Fig. 7(a), the input current ij, in Fig. 8(a) has no significant low frequency
pulsation, which is similar to the DC current. It can be seen from Fig. 8(d) that the THD value
of the input current i, is 0.88% and the low frequency harmonic content of i;, is maximum at
100 Hz frequency, which is about 0.5%, and compared to the results in Fig. 7(d) with a multi-loop
PI control strategy, the low frequency ripple suppression effect using MPC multi-loop control
strategy is better. Figure 8(e) shows the drain-source voltage waveforms of the switch Sy and S;.
Since the drain-source voltages of S,~Sy4 are similar to those of S;, they are not given here. It
can be seen from Figs. 8(f)—(k) that the inverter can still output high quality v, and i, under

resistive-inductive and resistive-capacitive loads, and can also well suppress the low frequency
ripple of the input current.

In summary, in order to achieve better input current low frequency ripple suppression effect,
in the experiment, MPC multi-loop compound control strategy is selected as the inverter control
method to further verify the conclusions obtained.
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Fig. 8. Full-load steady-state simulation waveform with MPC multi-loop composite control strategy: resistive
full-load input voltage V;,, input current i;, (a); V;, = 100 V resistive load output voltage v,,, output current
io (b); resistive full-load buffer capacitor voltage v, energy storage inductor current iz, (c); FFT of input
current ij, (d); resistive full-load Sy, S drain-source voltage v 440, V451 (€); resistive-inductive full-load
(cos ¢ = 0.75) input voltage Vj,, input current i;, (f); Vi, = 100 V resistive-inductive full-load (cos ¢ = 0.75)
output voltage v, output current i, (g); Vi, = 100 V resistive-inductive full-load (cos ¢ = 0.75) buffer
capacitor voltage v.p, energy storage inductor current iy, (h); resistive-capacitive full-load (cos ¢ = 0.75)
input voltage Vj,, input current #;, (i); Vi, = 100 V resistive-capacitive full-load (cos¢ = 0.75) output
voltage v, output current i, (j); Vi, = 100 V resistive-capacitive full-load (cos ¢ = 0.75) buffer capacitor
voltage v.p, energy storage inductor current iy, (k)
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5.2. Experimental results

Under the parameters in Table 1, using the MPC multi-loop composite control strategy,
a 1 000VA/100VDC/220VAC50Hz single-stage boost inverter experimental device with a buffer
unit was designed and built. The main circuit power switches So~Ss use IXFX66N85X, and the
diodes Dy, Dy and D~D4 use DSEI60-10A.

Figure 9 shows the resistive full-load experimental waveform of the inverter. It can be seen
from Fig. 9(a) that the input voltage Vi, is 100 V DC voltage, and the input current ij, is a DC
current with high frequency pulsation and basically has no low frequency ripple component,
indicating that the proposed research scheme has a good low frequency ripple suppression effect
on the input current. According to Fig. 9(b), the waveform quality of inverter output voltage v, and
output current i, is relatively high. From Fig. 9(c), it can be seen that the buffer capacitor voltage
vep pulsates at double frequency around its average reference value 380 V, and the v, is greater
than |v,| in the whole low frequency cycle, which meets the design requirements. Energy storage
inductor current iy, is a DC current with high-frequency pulsation and no low frequency ripple
component. Figures 9(d)—(f) respectively show the drain-source voltage waveforms of Sy~Ss.
Among them, Sy always works in the high frequency switching state, and the voltage envelope
at both ends is the buffer capacitor voltage v.;, whose maximum value is about 400 V; switches
S1~84 work in the high frequency switching state in half of the low frequency cycle, and are in
the cut-off state in the other half of the low frequency cycle, and the voltage envelopes at both
ends are (vep —vo)/2.
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Fig. 9. Steady-state experimental waveform of resistive full-load: Input voltage Vj;,, input current ij, (a);
output voltage v,,, output current i, (b); buffer capacitor voltage v.j, energy storage inductor current iz, (c);
drain-source voltage v 450 (d); drain-source voltage v 4,1, V452 (€); drain-source voltage v 443, Vg4 (f)
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Figure 10 shows the experimental waveforms of the inverter working under resistive-inductive
full-load (PF = 0.75) and resistive-capacitive full-load (PF = 0.75). It can be seen from Fig. 10
that the inverter can also output good v,, and i, waveforms in the case of resistive-inductive and
resistive-capacitive loads, #j, and iy, still have good low frequency ripple suppression effect. In
comparison, the ij, and iy under resistive-capacitive load have larger high frequency pulsations,
and there are some low frequency pulsations.
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Fig. 10. Steady-state experimental waveform of resistive-inductive and resistive-capacitive full-load:

resistive-inductive full-load (cos ¢ = 0.75) input voltage Vj,,, input current i;, (a); resistive-inductive full-load

(cos ¢ = 0.75) output voltage v,, output current i, (b); resistive-inductive full-load (cos ¢ = 0.75) buffer

capacitor voltage v.p, energy storage inductor current iy, (c); resistive-capacitive full-load (cos ¢ = 0.75)

input voltage Vj,, input current i;, (d); resistive-capacitive full-load (cos ¢ = 0.75) output voltage v,,, output

current i, (e); resistive-capacitive full-load (cos ¢ = 0.75) buffer capacitor voltage v.p, energy storage
inductor current iy, (f)

The FFT of input current ij, under the resistive, resistive-inductive and resistive-capacitive
loads are shown in Fig. 11, and it can be seen from Fig. 11 that harmonic content of the input
current under the resistive, resistive-inductive and resistive-capacitive loads is maximum at 100 Hz
frequency, which is about 1.50%, 3.20% and 5.50% respectively, and the THD value of the input
current ij, under the resistive, resistive-inductive and resistive-capacitive loads is 2.36%), 3.58%,
4.41% respectively, and it shows that the inverter can effectively suppress the low frequency ripple
of the input current under the MPC control.
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Fig. 11. FFT of input current: resistive full-load FFT of input current (a); resistive-inductive full-load

(cos ¢ = 0.75) FFT of input current (b); resistive-capacitive full-load (cos ¢ = 0.75) FFT of input current (c)

6. Conclusions

1. The multi-loop PI control strategy based on three-modal modulation is analyzed, and

a two-modal modulation strategy and MPC multi-loop composite control strategy with
the minimum inductor current error as the cost function are proposed. By deducing the
inductor current maximum variation period Tsomax Of the proposed control strategy, it is
theoretically demonstrated that the proposed MPC multi-loop composite control strategy
has stronger low frequency ripple suppression capability than the multi-loop PI control
strategy.

. The two control strategies are compared and analyzed by simulation. It can be seen from

the simulation data that the low frequency ripple content of the input current under the
MPC multi-loop control strategy is lower than that of the multi-loop PI control strategy,
which proves the proposed MPC multi-loop control strategy has better low frequency ripple
suppression effect.

. In the experiment, the MPC multi-loop composite control strategy was adopted, and an

experimental device of a 1 000VA/100VDC/220VACS50Hz single-stage boost inverter was
designed and built. The experimental waveforms and data further verify that the proposed
research scheme has a good low frequency ripple suppression effect and has strong adapt-
ability to different types of loads.

References

(1]

(2]

(3]

[4]

Li Q., Wolfs P., A Review of the Single Phase Photovoltaic Module Integrated Converter Topologies
with Three Different DC Link Configurations, IEEE Transactions on Power Electronics, vol. 23, no. 3,
pp- 1320-1333 (2008), DOI: 10.1109/TPEL.2008.920883.

Yiwen C., Sixu L., Zhiliang H., Jiahui J., Dual-mode control magnetically-coupled energy storage
inductor boost inverter for renewable energy, Archives of Electrical Engineering, vol. 71, no. 1,
pp- 211-225 (2022), DOIL: 10.24425/ace.2022.140206.

Chen D., Jiang J., Qiu Y., Zhang J., Huang F., Single-Stage Three-Phase Current-Source Photovoltaic
Grid-Connected Inverter High Voltage Transmission Ratio, IEEE Transactions on Power Electronics,
vol. 32, no. 10, pp. 7591-7601 (2017), DOIL: 10.1109/TPEL.2016.2622722.

Chen D., Chen Y., Step-up AC Voltage Regulators with High-Frequency Link, IEEE Transactions on
Power Electronics, vol. 28, no. 1, pp. 390-397 (2013), DOI: 10.1109/TPEL.2012.2197829.


https://doi.org/10.1109/TPEL.2008.920883
https://doi.org/10.24425/aee.2022.140206
https://doi.org/10.1109/TPEL.2016.2622722
https://doi.org/10.1109/TPEL.2012.2197829

N

www.czasopisma.pan.pl ?@ www journals.pan.pl

Vol. 72 (2023) Research on low frequency ripple suppression technology 459

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

Hussain H.M., Narayanan A., Nardelli PH.J., Yang Y., What is Energy Internet? Concepts, Tech-
nologies, and Future Directions, IEEE Access, vol. 8, pp. 183127-183145 (2020), DOI: 10.1109/AC-
CESS.2020.3029251.

Hu H., Harb S., Kutkut N., Batarseh 1., Shen Z.J., A Review of Power Decoupling Techniques for
Microinverters with Three Different Decoupling Capacitor Locations in PV Systems, IEEE Transactions
on Power Electronics, vol. 28, no. 6, pp. 2711-2726 (2013), DOI: 10.1109/TPEL.2012.2221482.

Can E., Toksoy M.S., A flexible closed-loop (fcl) pid and dynamic fuzzy logic + pid controllers for
optimization of dc motor, Journal of Engineering Research (2021), DOI: 10.36909/jer.13813.

Can E., Sayan H.H., Development of fractional sinus pulse width modulation with B gap on three
step signal processing, International Journal of Electronics, vol. 110, no. 3, pp. 527-546 (2023),
DOI: 10.1080/00207217.2022.2040056.

Yang F., Ge H., Yang J., Dang R., Wu H., A Family of Dual-Buck Inverters with an Extended Low-
Voltage DC-Input Port for Efficiency Improvement Based on Dual-Input Pulsating Voltage-Source
Cells, IEEE Transactions on Power Electronics, vol. 33, no. 4, pp. 3115-3128 (2018), DOI: 10.1109/
TPEL.2017.2706762.

Chen D., Qiu Y., Chen Y., He Y., Nonlinear PWM-Controlled Single-Phase Boost Mode Grid-
Connected Photovoltaic Inverter with Limited Storage Inductance Current, IEEE Transactions on
Power Electronics, vol. 32, no. 4, pp. 2717-2727 (2017), DOI: 10.1109/TPEL.2016.2571725.

Chen D., Chen S., Combined Bidirectional Buck—Boost DC-DC Chopper-Mode Inverters with High-
Frequency Link, IEEE Transactions on Industrial Electronics, vol. 61, no. 8, pp. 3961-3968 (2014),
DOI: 10.1109/TIE.2013.2284149.

Chen D., Wang G., Differential Buck DC-DC Chopper Mode Inverters with High-Frequency Link,
IEEE Transactions on Power Electronics, vol. 26, no. 5, pp. 1444-1451 (2011), DOI: 10.1109/
TPEL.2010.2078517.

Rahbar K., Chai C.C., Zhang R., Energy Cooperation Optimization in Microgrids with Renewable
Energy Integration, IEEE Transactions on Smart Grid, vol. 9, no. 2, pp. 1482-1493 (2018), DOI:
10.1109/TSG.2016.2600863.

Bogaraj T., Kanakaraj J., Mohan Kumar K., Optimal sizing and cost analysis of hybrid power system
for a stand-alone application in Coimbatore region: a case study, Archives of Electrical Engineering,
vol. 64, no. 1, pp. 139-155 (2015), DOI: 10.1515/aee-2015-0013.

Zhang Y., Fu W., He P., A Novel Power Decoupling Circuit in Paralleled with AC Side in Photovoltaic
Micro-Inverter, 2019 14th IEEE Conference on Industrial Electronics and Applications (ICIEA),
pp- 821-826 (2019), DOI: 10.1109/ICIEA.2019.8834187.

Liao C.-Y., Lin W.-S., Chen Y.M., Chou C.Y., A PV Micro-inverter with PV Current Decoupling
Strategy, IEEE Transactions on Power Electronics, vol. 32, no. 8, pp. 6544-6557 (2017), DOI: 10.1109/
TPEL.2016.2616371.

Zhang Y., Chen Y., Wei L., Jiang J., Asymmetric Full Bridge Bidirectional DC-AC Converter Based
on V2G Platform, 2021 IEEE 2nd China International Youth Conference on Electrical Engineering
(CIYCEE), pp. 1-6 (2021), DOI: 10.1109/CIYCEE53554.2021.9676941.

Sun Y., Liu Y., Su M., Xiong W., Yang J., Review of Active Power Decoupling Topologies in Single-
Phase Systems, IEEE Transactions on Power Electronics, vol. 31, no. 7, pp. 4778-4794 (2016),
DOI: 10.1109/TPEL.2015.2477882.

Hou R., Emadi A., Applied Integrated Active Filter Auxiliary Power Module for Electrified Vehi-

cles with Single-Phase Onboard Chargers, IEEE Transactions on Power Electronics, vol. 32, no. 3,
pp- 1860-1871 (2017), DOI: 10.1109/TPEL.2016.2569486.


https://doi.org/10.1109/ACCESS.2020.3029251
https://doi.org/10.1109/ACCESS.2020.3029251
https://doi.org/10.1109/TPEL.2012.2221482
https://doi.org/10.36909/jer.13813.
https://doi.org/10.1080/00207217.2022.2040056.
https://doi.org/10.1109/TPEL.2017.2706762
https://doi.org/10.1109/TPEL.2017.2706762
https://doi.org/10.1109/TPEL.2016.2571725
https://doi.org/10.1109/TIE.2013.2284149
https://doi.org/10.1109/TPEL.2010.2078517
https://doi.org/10.1109/TPEL.2010.2078517
https://doi.org/10.1109/TSG.2016.2600863
https://doi.org/10.1515/aee-2015-0013
https://doi.org/10.1109/ICIEA.2019.8834187
https://doi.org/10.1109/TPEL.2016.2616371
https://doi.org/10.1109/TPEL.2016.2616371
https://doi.org/10.1109/CIYCEE53554.2021.9676941
https://doi.org/10.1109/TPEL.2015.2477882
https://doi.org/10.1109/TPEL.2016.2569486

460

N

www.czasopisma.pan.pl ?@ www journals.pan.pl

Haiyang Liu et al. Arch. Elect. Eng.

(20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

Nguyen H.V., To D.-D., Lee D.-C., Onboard Battery Chargers for Plug-in Electric Vehicles with Dual
Functional Circuit for Low-Voltage Battery Charging and Active Power Decoupling, IEEE Access,
vol. 6, pp. 70212-70222 (2018), DOI: 10.1109/ACCESS.2018.2876645.

Zhang Y., Fang J., Gao F., Gao S., Rogers D.J., Zhu X., Integrated High- and Low-Frequency Cur-
rent Ripple Suppressions in a Single-Phase Onboard Charger for EVs, IEEE Transactions on Power
Electronics, vol. 36, no. 2, pp. 1717-1729 (2021), DOI: 10.1109/TPEL.2020.3006174.

Liu Y., SunY., SuM., Zhou M., Zhu Q., Li X., A Single-Phase PFC Rectifier with Wide Output Voltage
and Low-Frequency Ripple Power Decoupling, IEEE Transactions on Power Electronics, vol. 33, no. 6,
pp- 5076-5086 (2018), DOI: 10.1109/TPEL.2017.2734088.

Lin Z., Su M,, Liu Y., Sun Y., Liao Y., Chen X., Single-phase Integrated Power Decoupling In-
verter Based on Boost Converter, 2020 IEEE 9th International Power Electronics and Motion
Control Conference (IPEMC2020-ECCE Asia), pp. 405-408 (2020), DOI: 10.1109/IPEMC-ECCE
Asiad48364.2020.9368232.

Xu S., Cao B., Chang L., Zhou J., Hybrid Modulation and Power Decoupling Control on Single-Phase
Bridge Inverter with Buck-Boost Converter, IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 9, no. 5, pp. 5851-5864 (2021), DOI: 10.1109/JESTPE.2020.3027682.

Xu X., Su M., Sun Y., Guo B., Wang H., Xu G., Four-Switch Single-Phase Common-Ground PV
Inverter with Active Power Decoupling, IEEE Transactions on Industrial Electronics, vol. 69, no. 3,
pp- 3223-3228 (2022), DOIL: 10.1109/TIE.2021.3063962.

Sun H., Wang H., Qi W., Automatic Power Decoupling Controller of Dependent Power Decoupling
Circuit for Enhanced Transient Performance, IEEE Transactions on Industrial Electronics, vol. 66,
no. 3, pp. 1820-1831 (2019), DOI: 10.1109/TIE.2018.2838100.

Huang K.P., Wang Y., Wai R.J., Design of Power Decoupling Strategy for Single-Phase Grid-Connected
Inverter Under Nonideal Power Grid, IEEE Transactions on Power Electronics, vol. 34, no. 3,
pp- 2938-2955 (2019), DOI: 10.1109/TPEL.2018.2845466.

LiuS.,He Y., Wang G., Wang M., Power Decoupling Control for Boost-Type Single-Phase Inverter with
Active Power Buffer, 2019 IEEE Energy Conversion Congress and Exposition (ECCE), pp. 2280-2285
(2019), DOI: 10.1109/ECCE.2019.8912888.


https://doi.org/10.1109/ACCESS.2018.2876645
https://doi.org/10.1109/TPEL.2020.3006174
https://doi.org/10.1109/TPEL.2017.2734088
https://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9368232
https://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9368232
https://doi.org/10.1109/JESTPE.2020.3027682
https://doi.org/10.1109/TIE.2021.3063962
https://doi.org/10.1109/TIE.2018.2838100
https://doi.org/10.1109/TPEL.2018.2845466
https://doi.org/10.1109/ECCE.2019.8912888

	Haiyang Liu, Yiwen Chen, Sixu Luo, Jiahui Jiang, Haojun JianResearch on low frequency ripple suppression technology of inverter based on model prediction
	Introduction
	Circuit topology and input current low frequency ripple suppression mechanism
	Mode modulation and control strategy
	Multi-loop PI control strategy based on three-modal modulation
	MPC multi-loop composite control strategy based on two-modal modulation

	Comparison of low frequency ripple suppression effects under two control strategies
	Simulation and experiment
	Simulation analysis
	Experimental results

	Conclusions


