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Power Decoupling Control of Single-Phase
Differential Cuk Inverters

Yujie Hao"”, Hanbing Dan

Wenjing Xiong

Abstract—The single-phase differential Cuk inverter (DCI) is
a single-stage inverter that offers numerous benefits over other
single-stage topologies, making it a promising solution in new en-
ergy applications. However, the second-order ripple power inherent
in its dc side seriously affects the performance of the system and
restricts the application of the DCI. To address this issue, this
study presents a novel automatic power decoupling (APD) control
method for the DCI. It directly regulates the input current through
a feedback linearization-based decoupling control strategy. An
impedance-based stability analysis is performed on the DCI un-
der the proposed APD control method. A hardware prototype is
built to verify the effectiveness of the proposed control strategy.
Experimental results demonstrate that the proposed APD strategy
effectively suppresses 97.8 % of the second-order ripple in the input
current and improves the system efficiency by approximately 2.8 %.

Index Terms—Active power decoupling, differential Cuk
inverter, single-phase, stability analysis.

NOMENCLATURE
Ly and Lo Input inductors and output inductors.
Cy and Cy Blocking capacitors and output capacitors.

Inductor currents in Cuk module 1 and 2.

iLl(Q) and lLl(Q)
Capacitor voltages in Cuk module 1 and 2.

uci(2) and u c1(2)

dq, do Duty cycles of switches S; and S3.

E DC-link voltage.

u,and i, Output voltage and current.

R Load resistance.

PI (s) Proportional-integral controller.

PR (s) Proportional-resonant controller.

Gy () Transfer function of the notch filter.

Z, Impedance model of the DCI with power
decoupling control.

Y Admittance matrix of the load subsystem.

DPD Direct power decoupling.
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APD Automatic power decoupling.
Superscript

~ Small-signal quantities.

- Steady-state quantities.
Subscript

Y. Common-mode variables.
A Differential-mode variables.

1. INTRODUCTION

ITH the rapid growth and widespread adoption of clean
W energy, single-phase inverters are playing an increas-
ingly vital role in new energy generation and energy storage.
However, for renewable energy applications such as photo-
voltaic [1] and fuel-cell systems [2] and the energy sources may
fluctuate widely [3]. To ensure voltage compatibility, a dc—dc
converter with buck—boost capability is typically required to
form a two-stage inverter with the H-bridge inverter [4]. As
a result, this cascading operation increases the complexity of
the system, leading to additional power loss and reduced power
density.

Alternatively, differential inverters, a category of single-stage
inverters, is an effective solution to the aforementioned issue.
These inverters are classified into the buck, boost, or buck—boost
types [5], [6], [7], [8], [9], [10], and are characterized by their
compact size and higher power density compared to two-stage
inverters [11]. The differential Cuk inverter is a single-phase,
single-stage buck—boost inverter, which offers several valuable
advantages. For example, it supports both voltage step-up and
step-down functionalities, as well as bidirectional power flow
[12]. Compared to other types of differential inverters, the dif-
ferential Cuk inverter (DCI) includes more passive components,
potentially affecting its power density. However, the inherent
continuity of input and output currents in the DCI eliminates the
need for additional filters. As a result, the DCI remains com-
petitive in practical applications despite its higher component
count. Therefore, the DCI is a low-cost, high-power density
single-stage inverter with significant research and application
potential.

Current research on single-phase DCI primarily focuses on
modulation methods and control strategies. The commonly used
modulation technique for DCI is the continuous modulation
scheme (CMS) [13],[14], [15] and the discontinuous modulation
scheme (DMS) [12], [16]. Although the use of DMS improves
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efficiency compared to CMS, it introduces additional nonlinear-
ities due to topological switching [12]. The nonlinearity problem
has been addressed using harmonic-compensation-based control
and static-feedback-linearization-based control [ 16]. Besides, an
adaptive modular control method of isolated DCI is designed
[17]. This method can address the inherent nonlinearities of DCI
using a DMS-based approach while ensuring asymptotic stabil-
ity and convergence during transient processes. Furthermore,
regarding the control method for DCI, a peak-current-based
control is applied [18], providing better stability and faster re-
sponse compared to traditional voltage-mode control. In [19], an
optimal switching-sequence-based control method is proposed,
offering improved response to large signal disturbances and
guaranteeing the stability and robustness of DCI.

However, all the aforementioned research primarily focuses
on the output voltage control of DCI. Like the other single-phase
inverters, the inherent second-order ripple power in single-phase
DCI cannot be overlooked. As is well known, second-order
ripple power can adversely affect the performance of single-
phase inverters [20], [21]. To address this challenge, active
power decoupling is proven to be an effective solution [22].
It is generally implemented by adding decoupling circuits that
include switching devices and energy storage components [23].
However, these auxiliary circuits will impact the power density,
cost, and efficiency of the converter [24]. Fortunately, by using a
well-designed control strategy, differential inverters can achieve
active power decoupling without requiring additional circuits
[25]. Several single-phase differential inverter topologies and
their power decoupling control techniques are comprehensively
summarized in [24].

Recent studies have explored diverse power decoupling strate-
gies for differential inverters, such as the direct power decou-
pling (DPD) method that directly controls the ripple power
and the automatic power decoupling (APD) method that reg-
ulates the ac and dc power [26]. In [27], a rule-based DPD
controller is proposed to reduce second-order ripple current in
differential boost inverter. However, this method significantly
increases the complexity and computational load of the system.
In [28], fractional-order virtual impedance control is proposed
for a differential boost inverter, where fractional-order filters
are employed to enhance dynamic performance and system
stability. However, the fractional order controller is challenging
to implement and increases the computational burden. Li et al.
[29] introduces a nonlinear power decoupling control scheme
using input—output linearization for a single-phase differential
grid-tied buck inverter. This approach can be regarded as a
DPD method since the ripple power reference is obtained by an
extended observer. Additionally, a partial feedback linearization
method is applied to the grid-tied differential boost inverter in
[30], resulting in an excellent dynamic response in the power
decoupling control loop. However, it is difficult to directly apply
the above methods to the DCI, as it is a complicated eighth-order
nonlinear system.

To ensure good dynamic and steady-state performance of the
DCI while suppressing the second-order ripple power at the dc
input side, a novel automatic power decoupling control scheme
is proposed. The main contributions are as follows.
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Fig. 1.  Circuit topology of the single-phase DCI.

1) An APD control strategy is proposed for the DCI. Not only
power decoupling is well realized but also the efficiency
of this converter is improved under the proposed control
strategy.

2) The impedance model of DCI considering the frequency
coupling effects is established. The stability analysis is
conducted based on the impedance model, which provides
guidelines for controller parameter selection.

The rest of this article is organized as follows. Section II
presents the circuit structure of the DCI, along with its average
model, and steady-state analysis. Section III provides a detailed
discussion of the proposed power decoupling control method. In
Section IV, the effectiveness of the proposed method is verified
through experiments. Finally, Section V concludes this article.

II. CIRCUIT MODELING AND ANALYSIS
A. Circuit Topology

Fig. 1 shows the circuit of single-phase DCI. It is composed
of two identical dc—dc Cuk converter modules, each containing
two inductors (L;, Lo) and two capacitors (Cy, C3). The DCI
requires four power switches S1—S4, and the switches (S1, S2)
and (S3, S4) in the same Cuk module are fed with complementary
gating signals.

B. Average Model of DCI

Assuming that the DCI is operating in continuous current
mode. According to Fig. 1, the average model of Cuk module 1
is represented as follows:

Ll% =F — (1 — dl)ucl

Cr%er = —dyips + (1 —dy)ira "
Lo dfﬁz = dyUc1 — U2

duco __ - .
Co“g2 =ipa — 1o

where iz, and if,5 are the currents flowing through the inductors
Ly and Ls. u.y and u.o are the voltages across the capacitors Cy
and Co, respectively. d; is the duty cycle of the switch S .
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Similarly, the model of module 2 is given as

LY = B — (1 - dy)ul,
Oy = —daiy + (1 = do)il, o
L27di¢;§2 = datipy — Uy

dulcz ! .
Co™52 =iy + 1o

where i} 1,17, ul.;, and u,, are the currents and voltages in
module 2. ds is the duty cycle of the switch Ss.
In addition, the output voltage and current are expressed by

Uy = Uez — Uy
{io =u,/R 3)

C. Model Transformation

To facilitate controller design, the following coordinate trans-
formations are introduced [29]:

=0 ®

where the variables with subscripts A and ¥ represent
the differential-mode (DM) and common-mode (CM) state
variables, respectively. x and x’ represent the state vari-
ables or duty cycles of modules 1 and 2 mentioned
above.

After coordinate transformations, the average models of DM
and CM are derived as

di 1
L=t = s(daust +dsuar) — uaz (5-a)
dt 2
du 1 . ; 1 ; ;
01% = IA1 — 5 (dAZXH + dEZAl) - 5 (dAZE2 + dE’LA2)
(5.b)
di 1
Ly—22 = S (dausy + dsuar) — uaz (5-0)
dt 2
du . .
Co d?Q =1ia2 — 2i, SR
and
di L
L1% =2F —uy1 + §(dAuA1 + dsus) 6.2)
du . 1 . ; 1 ; )
01% =131 — i(dAlAl + dZZZl) - i(dAZAQ + dEZE2)
(6.b)
di 1
Lz‘ég'::*(dAUA14‘dZUEl)_'u22 6.0)
dt 2
du .
22 i, 00

It can be seen that the output voltage u, (equal to ua2) is
mainly related to the DM equations of the model. The signif-
icant variable ig. (equal to ix;) is mainly related to the CM
equations.
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D. Steady-State Analysis

By applying the volt-second balance principle to (5) and (6),
the following relationship is obtained:

UA1 = UA2 (7
uy1 = ux2 + 2F (8)

As observed, the state variables ua; and uy; are represented
by uas and uxo, respectively. Therefore, only the voltage across
the two output capacitors Co needs to be measured, which results
in a reduction of two voltage sensors and, thus, reduces the
overall cost.

Assuming that the output voltage u, and current i, are as
follows:

{uo = U, coswit )

io = I, cos(wit — )

where U, and I, denote the amplitude. w; and ¢ are denoted as
angular frequency and power factor angle, respectively. Then,
the instantaneous power at the ac output side is given as

1 1
Do = Uply = §UOIO cos () + §UOIO cos (2wit—¢p)  (10)

Pac Pr

where p, is the instantaneous power on the ac side, P is the
average power, and p,. is the second-order pulsating power.
The energy stored in the capacitors is expressed as

(1)

where w ¢ represents the energies stored in the capacitors.
Equation (11) is rewritten as follows by the CM and DM state
variables:

1 2 1 2
we = 501(1&31 + ugy) + 502(’“22 + tUgg)

1 1
we = (Cruzy + Couzy) + Z(Ol + Co)ul, (12)

Similarly, the energy stored in the inductors is

1 . . 1 . .
wy, = Z (Lll%l + LQZ%Q) —+ Z(leil + LQZzAQ) (13)

where w, represents the energies stored in inductors.
Based on the principle of power balance, the following ex-
pression is derived:
- d’wc de

in — — ;, T Pc s
D dt + dt + Fde + Dr + DLoss

where pi, = E - iy is the input power. The power loss, denoted
as Pross, 18 approximately a constant value Wy = f PlossAt
within a line cycle.

To prevent pulsating power from being transmitted to the dc
side, the second-order pulsating power should be buffered by
capacitors and inductors. Thus, the following equation should

be satisfied:
dwc de
— 4+ — - |dt =0
/ < a ta TP )

Assuming that inductor current and inductance are small.
Then, the pulsating power buffered by the inductor is negligible.
Therefore, according to (7), (8), and (15), the steady-state value

(14)

15)
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of uyo is given in (16) at the bottom of this page, where K is
a constant value to ensure the expression inside the square root
in (16) is greater than or equal to zero.On the other hand, K
determines the value of the dc component of us5. By analyzing
the harmonic spectrum of (16), it is found that usx mainly
contains harmonic components of frequency 2w; and 4w; .
Moreover, as DCI is comprised of two dc—dc converters,
ueo and ul,must be greater than zero for normal operation.
Thus, the constraint of the capacitor voltage is expressed as
uso > |uaz| (17
Therefore, a suitable K should be chosen to satisfy the con-
straint (17). In addition, a large value of K should be avoided to
reduce the voltage stress of the devices.

III. PROPOSED APD CONTROL STRATEGY AND STABILITY
ANALYSIS

Unlike existing control methods for single-phase DCI, this
study aims not only to control the output voltage but also to
realize power decoupling. To achieve these objectives, an APD
control strategy for DCI is proposed, and the control block
diagram is shown in Fig. 2. The details are discussed in the
following.

A. Model Simplification

As previously mentioned, the single-phase DCI is a higher-
order nonlinear system, which complicates the analysis. To facil-
itate the controller design, model order reduction is performed.
According to the time-scale separation principle [31], since the
current control loop is designed much faster than the voltage
loop, then the volt-second balance is applied to (5.a) and (6.a),
the expressions of duty cycles are solved as

4F
da = % (18)
Us1® — ual
2F
ds, =2 (1 - 2“212> (19)
Us1® — ual

By substituting (18), (19) into equations (5) and (6), areduced-
order system is expressed as

du 2F
G5t =

i aa (usiial — uaris

+us1iaz — Ua1ixn2) — A2

di
Lo=82 = upa1 — un2

d . .
Co ™82 =ipng — 2i,

(20)
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du 2K - -
C155 = (us1is1 —uariag

us1?2—ua1?
+usiive — uaring) — ix2
B @1
L2 252 = Ux] — Uy — 2E

du .
Co =372 =iy

B. Output Voltage Control

As seen from (20), uas is the output, while ian; and ix; serve
as control inputs. Determining which control input to use for
regulating u Ao requires careful consideration. To ensure that ua o
can be controlled completely under disturbance, the coefficients
associated with the chosen control input must be always greater
or less than zero. Since ua1 is a sinusoidal waveform and zero-
crossing cannot be avoided, ix; cannot be used as the control
input to control ua . The coefficient before i is always greater
than zero, so ia7 18 chosen. On the other hand, because the
coefficient before ia; is time-varying, a virtual control input is
selected as

2F

m=—s7

5t us1iAl (22)
usn? —ual

where 117 represents the virtual control input.

Since the reference for the output voltage is a sinusoidal signal
at line-frequency. To track this reference with zero steady-state
error, a proportional-resonant (PR) controller is used, which is
defined as

krls

PRl(S) = kprl + m

(23)
where k1 is the proportional gain, and k,; is the gain of the
resonant term.

Furthermore, since the (20) includes other disturbances that
contain integer harmonics at line-frequency, additional resonant
terms are included to compensate for these disturbances and are
expressed as follows:

krlfks

=2 5

k

(24)

where k1., is the gain of the controller, with k = 3,5,7, ---. In
this article, setting k = 3 can meet the requirements and ensure
the quality of the output voltage. Then, the virtual control input
is designed as

pr = [PR1(s) + Ri(s)] (upz — un2) (25)
According to (22), the reference of ia; is expressed as
iy = A (26)

where A = (us12 — ua1?)/2FEus;.

1

=—— < 20"E+2
CL+ Oy 1B+

Uy:2

2

2
C?E? — (C1 + Cy) |C1E? — K + ZOIO sin(2wit — ¢) + (C1 + C3) (UO coswlt) 1

w1
(16)
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Output voltage control

[27¥)

Us)

Power decoupling control

Fig. 2. Block diagram of the proposed APD control strategy for DCI.

C. Power Decoupling Control

The idea of the proposed power decoupling control is to
ensure that the reference of iy; contains only dc compo-
nents, while the ripple power is automatically buffered by
the capacitors under the APD control approach. To achieve
this objective, two important problems should be addressed as
follows.

1) How to determine the value of the dc component.

2) How to ensure that the reference of is;; does not contain

other components.

Recall that the constraint (17) is satisfied by controlling the dc
component of uss. Therefore, regulating the dc component of
uss becomes an implicit control objective. According to (21),
it is not difficult to find that the dc component of ix;; can be
used to control the dc component of uss. Thus, the output of
the controller for the dc component of uxo is the reference
of i21.

Different from the manipulation as shown in (22), a
proportional-integral (PI) controller is directly employed to
control the dc component of uy2 and generate the input current
reference 4%,

is1 = PL(s)(uS0) — us2(0)) (27)
where PI; (s) is expressed as
PIl(S) = kpl +I€11/8 (28)

where k,; and k;; are the controller gains. usga(o) is the dc
component of uyo and U*zz(o) is its reference.

To quickly and accurately obtain the dc component of uy is
the key to realizing perfect power decoupling. Usually, a low-
pass filter is used to extract uss (o). However, there is a tradeoff
between extraction accuracy and response speed when using
low-pass filters [22]. As mentioned in the steady-state analysis,
uso may contain multiple even-order harmonics when power
decoupling control is enabled. Therefore, a notch filter tuned at
2w; and 4w, is applied to extract the average value, with the
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Current loop decoupling control
S
d ,
>+
A))
ML
Eq.
(34
Ss
d
2 N
Sy
MA—

following transfer function:
Ghny(s)

[s2 + (2w1)?][s2 + (dwy)?]
[s2 4 261 (2w1)s + (2w1)?][s2 + 262(4wr)s + (4w1)?]
(29)

where £; and &5 is the damping factor of the notch-filter.

D. Current Loop Decoupling Control

In the previous two sections, the references for the DM and
CM currents have been obtained. However, since the actual
control inputs of the system are duty cycles, two current control
loops are required to regulate the currents in1 and iy, and to
determine the duty cycles. From (5.a) and (6.a), it is evident
that there are serious couplings between the DM and CM state
variables. To simplify the controller design, a decoupling control
method based on feedback linearization is applied. Thus, the
right-hand sides of (5.a) and (6.a) are treated as single entities
and used to regulate the currents ian; and ix;, denoted as v
and vy

1
v = §(dAU21 + dsuar) —ual (30)

1
vy =2F —uxy + i(dAUAl + dsus) (3D

Since the reference ¢y, contains integer harmonics at line-
frequency. According to the internal model principle [32], a
proportional multiresonant current controller is used to track
the current reference. Then, the current controller is designed as
follows:

vi = [PRa(s) + Ra(s)] (a1 — ia1)

where PRs(s) and Ro(s) have the same implementation form as
PR (s) and Ry (s), respectively.

According to (27), the reference of ix;; only contains dc com-
ponents. It seems that only a PI controller is required to ensure
that is;; accurately tracks the reference without steady-state

(32)
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error. However, in practice the feedback linearization in (31) is
not implemented perfectly due to a delay of one control cycle in
digital control. Thus, it is important to include resonance terms
Rs(s) with frequencies of 100 Hz and 200 Hz to compensate
for these disturbances in the input current. Hence, the controller
designed to regulate ix; is expressed as follows:

vy = [PLy(s) + Rs(s)] (is1 — ix1)

where Ply(s) = (kp2 + ki2/s), and kps and k;o are the con-
troller gains. Rs(s) = ks 25/[s> 4+ (2w1)%] + kr3_as/[s? +
(4w1)2}, and k,3.o and k,3_4 are the gains of resonant controller
at 2w; and 4w, respectively.

Consequently, combining (30) and (31), the duty cycle d; and
ds are calculated by the following equations:

(33)

dy = tretuaitus, 28
1 ua1tuUsL
dy = vi—votuai—us +2F

UA1—US1

(34)

To reduce the system cost, ua; and ux; are not directly
measured in this study. Instead, (7) and (8) are employed to
estimate uaq and usq.

E. Parameter Selection

Output voltage control of DCI is a well-established problem.
Thus, this section focuses on the parameter selection rules for
the power decoupling controller and current controllers.

For the power decoupling control, to simplify the analysis, the
reduced-order model (21) is approximated by treating the terms
other than ix; as disturbances and approximating the coefficient
preceding isy; as a constant k1. Consequently, (21) is equivalent
to a linear system, and the transfer function from iy to uys is
expressed as

k1
- C1CyL4s3 + (Ol + 02) S

Given that the dynamics of the average capacitor voltage are
much slower than other parts of the system, the bandwidth of
the power decoupling loop in this study is designed to be around
2w with a phase margin exceeding 45°. The corresponding bode
diagram is shown in Fig. 3.

For the current control, to satisfy the time-scale separation
as previously discussed, the current loops bandwidths are set
to be 10 times higher than that of the power decoupling loop.
Additionally, to suppress switching noise, the bandwidth is
constrained below one-tenth of the switching frequency [33].
Given these considerations, the bandwidths of the DM and CM
current loop are set to 2000 Hz to ensure good dynamic response,
The bode diagrams are presented in Fig. 4.

(35)

Gpa (s)

FE. Stability Analysis

Since the linearized small-signal model of the DCI with power
decoupling is a linear time-periodic (LTP) system, the LTP mod-
eling technique is applied to establish a LTP framework-based
model for DCI [34]. Additionally, impedance stability criteria
based on the determinant is adopted to evaluate the stability of
the DCI system with power decoupling [35], [36], [37]. The
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Fig. 3. Bode diagram of the power decoupling loop.
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Fig. 4. Bode diagrams. (a) DM current loop. (b) CM current loop.

output impedance matrix of DCI is

G, = Zoiy (36)
The detailed steps for establishing the impedance model are
presented in the Appendix. Additionally, a frequency sweep

measurement is performed to verify the correctness of the
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Fig. 5. Bode diagram and simulation measured results of Z,(s).
TABLE I
CONTROLLER PARAMETERS FOR DIFFERENT CASES
Power decoupling controller Input current controller

Jp1 | ki ko | kin
Case 1 0.07/5 13/50
Case 2 0.105/7.24 13/50

Case 3 0.07/5 9.8/34

impedance model. The bode diagram of Z,(s) and the corre-
sponding measurement results are shown in Fig. 5.

It is observed that the simulation measured results (red dots)
closely match the theoretical calculations (blue curve), thereby
effectively validating the accuracy of the established impedance
model.

Assume that the load subsystem is linear, its admittance matrix
is formulated as

i, = Y, (37)

where Y = I / R is the admittance matrix of the load and I
represents a 7 x 7 identity matrix.

Combining (36) and (37), the closed-loop system of the entire
inverter is given as

(I-Z,Y)i, =0 (38)

Stability Criterion: The system is stable if and only if the
Nyquist diagram of det{- Z,Y} does not encircle the point
(—1, jO) in the complex plane [37], where det{-} denotes the
determinant operation.

Cases 1-3 in Table I are designed to verify the stability analy-
sis of the DCI system. The corresponding Nyquist diagrams are
shown in Fig. 6. The stability analysis predicts that the system
is stable in Case 1, but unstable in Cases 2 and 3. These results
indicate that when adjusting parameters according to the rules in
the previous section, the following aspects should be considered:
First, the bandwidth of the power decoupling loop should not be
too high, which can adversely affect system stability. Second, the
current loop bandwidth should not be too low, as this can degrade
the dynamic performance and violate the time-scale separation
principle, potentially leading to system instability. Moreover, an
overly high current loop bandwidth is also undesirable, as it may
amplify noise and induce high-frequency oscillations.
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Fig. 6. Nyquist diagram of det{- Z,Y} in cases 1-3. (a) Case 1. (b) Case 2.
(c) Case 3.

IV. EXPERIMENTAL VALIDATION

An experimental prototype of the single-phase DCI is devel-
oped to verify the effectiveness of the proposed control method.
Fig. 7 shows the hardware prototype of the DCI and the system
parameters are provided in Table II. A TMS320F28335 floating-
point digital signal processor is used to implement the proposed
control strategy and generate the required PWM signals for the
DCI. The input voltage is supplied by a programmable dc power

supply.

A. Power Decoupling Performance Verification

To validate the effectiveness of the proposed power decou-
pling control strategy, comparative experiments are conducted
with and without power decoupling. The experimental results
are presented in Fig. 8. As shown in Fig. 8(a), disabling power
decoupling control results in a significant second-order ripple
in the input current. Consequently, the presence of the second
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Fig. 7.  Experimental prototype of the single-phase DCI.
TABLE II
MAIN CIRCUIT AND CONTROLLER PARAMETERS
Symbol Descriptions Value
P, Rated output power 480 W
Uo Output voltage 110 V(rms)
1 Output angular frequency 100 = rad/s
E Input voltage 150 vV
L Input inductor 1 mH
C Blocking capacitor 20 uF
L Output inductor 0.9 mH
@) Output capacitor 40 uF
s Switching frequency 20 kHz
kpr1, kit PR; controller gains 0.075, 30
kpr2, ki PR, controller gains 13,50
&, & Damping ratio of Notch filter 0.09, 0.05
kp1, kin PI, controller gains 0.07,5
kp2, kia PI, controller gains 13,50
k3 Resonant controller R, gains 10
k23 Resonant controller R, gains 20
k32, ki3-a Resonant controller R; gains 50,20
“;2(0) Reference to the dc component of uy, 280 V

harmonic component increases the current stress on the power
switches.

Fig. 8(b) shows the steady-state waveforms of DCI under the
proposed power decoupling control method. The THD values
of the output voltage with and without power decoupling are
2.86% and 3.21%, respectively. As observed, the difference in
output voltage harmonics under the two conditions is relatively
small. These results demonstrate that the proposed APD control
strategy achieves power decoupling without compromising the
quality of the output voltage.

Additionally, it is observed that the double-line-frequency
component of the input current is;; is effectively suppressed by
the power decoupling control. Fig. 9 illustrates the spectrum of
input current ix;; before and after the power decoupling control is
enabled. It is noted that the second harmonic component of the
input current is effectively reduced from 3.529 A to 0.078 A,
which represents a reduction of 97.8%. These experimental
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Fig. 8. Comparative experimental results. (a) Without the proposed power
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Fig.9. Spectrum of input current is;; when disabling/enabling proposed power
decoupling control method.

results indicate that the proposed control strategy exhibits ex-
cellent power decoupling performance.

The experimental results of transient waveforms when en-
abling power decoupling control are shown in Fig. 10. After
applying the power decoupling control method, the second-order
pulsating component in the input current is rapidly and effec-
tively reduced.

Furthermore, the average value of uy is controlled to 280V,
both with and without power decoupling, as shown in Fig. 10(b).
The experimental results demonstrate that the actual value is
consistent with the reference value, indicating that the proposed
control strategy effectively controls the average value of the sum
of capacitor voltages.
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Fig. 10. Experimental results of transient waveforms for enabling power
decoupling control. (a) to, Uc2, U, o, and ige. (b) uss2, uc2, u,,, and ige.

In addition, a 100 Hz component is clearly discernible in
the output side capacitor voltage, suggesting that the pulsat-
ing power is automatically absorbed by the capacitors without
propagating to the dc side. The experimental results confirm the
correctness of the proposed APD control strategy.

B. Dynamic Experimental Results

Fig. 11 presents the dynamic experimental results under the
rated output voltage condition, where the load increases from
half-load (240 W) to full-load (480 W). As observed, the in-
put current ix;; quickly tracks the reference. Additionally, an
increase in the amplitude of the 100 Hz component is observed
in the capacitor voltage. This is evident in Fig. 11(b), where an
obvious fluctuation of us is noticeable.

As illustrated in Fig. 12, the load changes from full-load to
half-load, the stabilization time is 0.1 s. Throughout the dynamic
transient, no significant overcurrent is observed. The results
demonstrate that the proposed APD control method exhibits
good dynamic performance.

C. Stability Validation

Experiments under different cases are conducted to validate
the effectiveness of stability analysis and the results are shown in
Fig. 13. Initially, the system operates under Case 1. The output
voltage is a sinusoidal wave and no oscillation occurs in the
dc current, which indicates that the system is stable. Subse-
quently, the parameters of the power decoupling controller Py
are changed from Case 1 to Case 2. As illustrated in Fig. 13(a),
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Fig. 11. Dynamic experimental results with a step-up change in the load
240 W-480 W. () Uo, Uc2, UL, and ige. (b) usiz, Uc2, U4, and ige.

TABLE III
COMPARISON OF THE SWITCH STRESS IN DCI WITH AND WITHOUT POWER
DECOUPLING CONTROL UNDER P, =480 W, E = 150 V
S Without Power With Power
tate . .

Decoupling Decoupling

Voltage Stress 2.39 p.u. 2.50 p.u.

Current Stress 3.62 p.u. 3.13 pu.

a significant distortion emerges in the voltage, while the input
current gradually diverges, which clearly demonstrates that the
system becomes unstable.

Similarly, as shown in Fig. 13(b), when the parameters of
the input current controller Pl; are modified from Case 1 to
Case 3, the input current appears obvious oscillations and starts
to diverge, which implies the system is unstable. Overall, the ex-
perimental results are in excellent agreement with the analytical
outcomes presented in Fig. 6, thus confirming the correctness of
the stability analysis.

D. Stress Analysis of Power Device

Based on the steady-state analysis, the calculated device stress
values with and without power decoupling are summarized in
Table III [15]. The benchmark values are chosen as: U, =
1.0p.u., I, = 1.0 p.u. with full load P, = 480 W, and the dc-link
voltage E = 150 V.

As observed, the implementation of the proposed power de-
coupling control strategy results in a slight increase in the voltage
stress of switching devices. However, it yields an approximate
13.5% reduction in current stress.
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Fig. 12. Dynamic experimental results with a step-down change in the load
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E. Efficiency Analysis

The efficiency of the experimental setup is measured using
a power analyzer (PASOO0OH). Fig. 14 shows the measured
efficiency curves with and without power decoupling control at
various output power levels. The maximum efficiency observed
over the tested power range is 91.29%. Furthermore, it is evident
that enabling the proposed APD control results in a significant
improvement in system efficiency.

The breakdown of the theoretically calculated system losses
at rated power, with and without power decoupling, is shown
in Fig. 15 [38], [39], [40]. As seen, both the conduction loss
and switching loss of the switching device are reduced after
power decoupling. And the decrease in conduction loss is the
main reason for the efficiency improvement. Moreover, based
on the previous analysis of switching stress in DCI, the proposed
power decoupling control strategy reduces the current stress on
switching devices, which is an important contributing factor to
the improvement of system efficiency.

F. Performance Comparison of Power Decoupling-Based
Differential Inverters

Table IV presents a performance comparison between
the proposed control strategy and several existing power
decoupling-based differential inverters. The differential buck
inverter in [29] exhibits comparable efficiency and power
density to the DCI presented in this manuscript. However, its
controller design process is significantly complex. The differ-
ential buck—boost inverter in [25], designed using an ANN-
based multiple-objective optimization approach, shows higher
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Fig. 14. Measured efficiency curves of single-phase DCI system.

efficiency and power density than other differential inverters.
Nevertheless, this topology requires eight switches and operates
at a higher switching frequency, resulting in a high cost. In
[9], the differential buck—boost inverter adopts an open-loop
ripple calculation method, resulting in relatively weak power
decoupling performance.

The abovementioned methods all adopt DPD control. In
contrast, the differential boost inverter in [28] employs a vir-
tual impedance control strategy to directly suppresses the low-
frequency harmonics in the input current, which is regarded
as an APD control. Notably, due to the direct regulation of
input current, both the APD method in [28] and the proposed
APD method achieve a higher suppression rate of second-order
ripple than those DPD methods. Furthermore, the proposed
APD strategy for DCI improves overall system efficiency and
maintains high-quality output voltage. However, the proposed
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TABLE IV
PERFORMANCE COMPARISON OF POWER DECOUPLING-BASED DIFFERENTIAL INVERTERS
Topolo Differential buck Differential boost Eight-switch Differential | Differential buck— Differential Cuk
pology inverter inverter buck-boost inverter boost inverter inverter
Ref. [29] [28] [25] [9] This article
LC 3,30 2,2 2,2 2,2 4,4
Number of
S 4 4 8 4 4
Switching frequency f; - 20 kHz 50 kHz 12 kHz 20 kHz
Type of power DPD APD DPD DPD APD
decoupling
Gl Stra_ltegy Complex Complex Moderate Simple Moderate
Complexity
Second-order ripple o o o o N
. ) 95.3% 96.6% 90.6% >50% 97.8%
suppression ratio
Maximum efficiency 91.39% ~94% 97.78% ~88% 91.29%
Efficiency variation * - =+2.6% - ~+1% =+2.9%
Minimum THD * 3.47% - - 5.9% 2.86%
Rated power 660 W 250 W 1.8 kW 400 W 480 W
Power density Middle Middle High Middle Middle
Cost Middle Middle High Middle High

1) An input-side LC filter to ensure continuous input current. 2) Suppression ratio of second-order ripple in the input current. 3) Efficiency variation before and after
power decoupling, under rated power. 4) Measured under power decoupling control.
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Fig. 15. Comparison of the theoretically calculated loss breakdown at rated
power, with and without the proposed power decoupling control method.

control strategy is relatively complex. Therefore, it provides an
effective tradeoff between performance and practical feasibility.

V. CONCLUSION

This article proposes a new control strategy for single-phase
DCI. The control scheme is based on the models of DCI in
both common-mode and differential-mode. Compared with the
existing methods, it not only realizes excellent power decoupling
performance but also improves the efficiency up to about 3%.
In addition, parameter selection rules for the proposed power
decoupling control strategy are presented to guide practical im-
plementation. As the DCI with power decoupling is a nonlinear
time-periodic system, a small-signal stability analysis consider-
ing frequency coupling is carried out. The detailed procedures
for impedance modeling and corresponding stability analysis
criteria are provided. Experimental results validate the effective-
ness of the proposed control scheme and confirm the accuracy
of the stability analysis. This study focuses exclusively on the
control of the DCI under OFF-grid operation. The grid-connected

operation, as another common application field, deserves further
study.

APPENDIX
A. Circuit Modeling

According to the steady-state analysis in Section II, it is
reasonably assumed that the steady-state trajectory of the system
is

dy (t) = Dyo + D11 cos (wit + @a1.1)
+ D 5 cos (2wit + pq1,2) + D13 cos (Bwit + @ai1,3)
Ue1 (1) = Ur o + Ur1 cos (wit + ©u11)
+ ULQ COS (2w1t + Soul,2)
Uea (1) = Ua g + Uz 1 cos (wit + pu2.1)
+ UQ’Q cos (2w1t + Lpu272)
ir1(t) = Iio + 1,1 cos (Wit + pi11)
—+ Il_yg COS (3w1t —+ SDil,B)
ELQ (t) = 1271 Ccos (wlt + 901'2,1) + 1272 Ccos (2w1t + (,Oig,g)
(AD)
where X, denotes the state variables and duty cycles. X, ¢ repre-
sents the dc component of X, while X,, ; and ¢, 1 represent the
amplitude and phase angle of the 50 Hz sinusoidal component,
respectively. The remaining symbols denote the amplitudes and
phase angles of the second and third harmonics. And the trajec-
tories of module 2 are similar to (Al). The above approximate
results retain only up to the third harmonic component, while
higher order harmonics are neglected. This simplification is
reasonable, as the amplitudes of higher-frequency components
are small.
Taking the model of Cuk module 1 as an example, and module
2 is similar to it. According to (1), the small-signal model of Cuk
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module 1 is expressed as

Ly 22® — g (8) + dy (8) e (£) + Ten (8) di (1)
Oyl ® — iy (t)igs (1) —ira (1) i

L, diLdzt(t) = dy () e (t) + ter (8) du (1) — Giea (2)
nguzlii(t) =ipa (t) — o ()

(A2)
where the superscript represents the steady-state trajectory,
and “~” represents the small-signal quantity. Substituting the
steady-state trajectories (A1) into (A2) and transforming it to the
frequency domain, then taking frequency-shifting and frequency
truncation operations yields

(T3]

Giritrr = Giri ucrter + Giz1_ardy ~

Gucrticr = Guer_ir2tr2 + Gueiiniizn + Giciz a1dy

Girziry = Giro_ucrler + Girz_a1dy + Giro_ucatlic:

Gueatics = Guea_ir2tr2 + Guez_ioto

(A3)

where = [ (s + j3w1) (s + j2w1) T(s + jwi) x(s) (s -
Jwi) &(s - jwi) (s — j2wr) T(s — j3w]T represents the state
variables and the duty cycles. Taking matrix G;r,; and G;11_yc1
as examples, the remaining coefficient matrices have the forms
that are represented in (A4) and (AS):

GiLl = diag

[GiL1 (s + j3w1) Giri () Gir1 (s — j3w1)]
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Dl‘zej‘Pdl,Z _3 _ Dlysejﬂpdl,S L.
25—, G114y (s) = ==*5——. The remaining terms

of (AS5) can be obtained by frequency-shifting
Similarly, the matrix model of module 2 is obtained as follows:

Gir1¥'rr = GirtwaWe + Giri_azds _
Guata = Gueir2V 12 + Guevrit' 11 + Giriz_a2dz
Gir2t'r2 = GiroweaWe + Girz_a2ds + Gir2_weaW s
Gueat'ca = Gueo_ir28 12 + Guez_ioto

(A6)

B. Control Loop Modeling

According to the model of the output voltage control loop
(22)—(26), by performing the aforementioned linearization and
frequency-shifting operations, the following matrix models are
obtained:

1 = Gui_un2ting (B1)
G\ = G us1us + G _uartiag (B2)
Giatip; = Giarh + Giat iy (B3)

Similarly, based on (27)—(29), the matrix model of the power
decoupling control loop is expressed as

iv = Gissi_us2@isn (B4)

Moreover, the matrix models for the current control loop (30)—

(A4) (34) are shown as
where diag[] represents the diagonal matrix or block diagonal — -
matrix. And (AS5) is shown at the bottom of this page, where {’z 1= le_iAlf*m - le_iAlel (B5)
Gira(s) = L, Ghpyy(s) = 222700 G2y (s) (P2 = Gramit = Gua i
= Dl"zeizmdm’ Girtuer(5) = Dlyvle;wdlyl’ GiL1 uer (5) = {Gdld:l =01+ U2 + Gai_uartar + Gai_usi s (B6)
Dy —1, Gty wer(5) = Dl%m‘“l G2 () = Gapdy = U1 — U2 + Gaz_uariar + Gaz_us1Usi
[GO1 er (5 + 33w1) G;L11_uc1 (s +j3wi) G;L21_uc1 (s +j3w1) G;Lgl_ucl (s + jdwr)
Gl wer (s +7201) GV e (s +52w1) Gy oy (5+52w1)  Gify e (5 +52w1)
Gy wer (s+jw1) Gl e (5+Jw1)  GVpy yer (s+jw1)  Gify e (s 4 jwr)
Gir1 uct = G?Ll_ucl (s) G?Ll_ucl (s) G}Ll_ucl (s) G?Ll_ucl (s)
0 G?Ll_ucl (s — jwi) G?Ll_ucl (s — jwi) G%Ll_ucl (s —jw1)
0 0 G?Ll,ucl (s — j2wr) G?Ll,ud (s — j2wr)
- 0 0 0 G er (58— J3wr)
0 0 0
G;Lgl_ucl (s + j2wr) 0 0
G;I?Lucl (54 jwr) G;L?’Lucl (54 jwi) 0
G uer (5) G uer (5) G uer () (AS)

G?L1,uc1 (s —jwi)
G%L17u01 (S - j2w1)

G?Ll_ucl (S - j3w1)

G;Lllfucl (8 - jLU1) G;517u01 (S - jwl)
GOy et (5 — J2w1) Gy or (s — j2wr)
G}Ll_ucl (S - ijl) G?Ll_ucl (S - jgwl) |
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0 Gir1_uct 0 0 Giria
Guycl_irt 0 Guci_iL2 0 Guci_al
0 Gir2_uel 0 Gir2 w2 Giroal
0 0 Guca_ir2 0 0
B Gair1 Galuel 0 Gaiuc2 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
| Ga2in1 Gazuel 0 Gazue2 0

18095
0 0 0 0 0o
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
Guirt  Gawe 0 Garwer 0
0 Giri_wel 0 0 Giri_a2
Guel it 0 Guel ir2 0 Guel a2
0 Giro wel 0 Girzwe2 Girz a2
0 0 Guea ir2 0 0
Gaiirr  Gawe 0 Ga2uwe2 0 |
(Co)

C. Impedance Modeling

Combining (B1)-(B6), the relationships between the duty
cycles and state variables in the control loops are given as

- ~ B ~
di = Gaiuciter + Gaiwe1@ c1 + Gaiycaten

- < <
+ GaiwerWer + Gariritnn + Gaivrit - (C)
- _ » _
d2 = Gd2uclucl + GdZu’clu el t+ Gd2uc2uc2
~/ = <
+ Garwea® o + Gaziriton + Gazerit - (C2)

Rewriting (A3), (A6), and (C2) in the form of a large matrix
yields

AX = BX + Ci, (C3)

where X = [i11 U1 12 Geo di V01 @er 312 Weo do]T.
Matrices A and C are given in (C4) and (C5), respectively. B is
given in (C6), as shown at the top of this page

[2]

[3]

[4]

[5]

[6]

[7]

[8]

A =diag[Gir1 Guer Gire Guez I Gy Guer Gz Gue 1) (9]

(C4)
] T
(C5)

where I represents a 7 x 7 identity matrix and O represents a
7 x 7 zero matrix.
Furthermore, the output equation of DCI is expressed as

C=[0 00 Guzio 0 0 0 0 Guezjo O

u, = DX (C7
where @, = Q.o — @ .o, and matrix D is given as
D=0 0017 O0O0O0O0 —I O (C8)
Substituting (C3) into (C7) yields
i, = D(A-B) 'Ci, (C9)

Therefore, the output impedance of DCI with power decou-
pling is obtained

Z,=DA-B)'C (C10)
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