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On Nonlinear Control of Single-Phase Converters
With Active Power Decoupling Function
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Abstract—In this paper, a nonlinear controller is presented for
regulating an emerging class of high power density, high power-
conversion efficiency, and high reliability (H*) single-phase power
converters featuring small buffering capacitors. The proposed
controller combines the best features of input—output feedback
linearization and an automatic-power-decoupling (APD) control
strategy, and achieves enhanced dynamic performances as com-
pared to existing solutions based on linear control techniques.
By feedback linearization, the plant models of H® single-phase
converters are fully linearized and decoupled, and thus fast dy-
namics, large-signal asymptotic tracking, and global stability can
be achieved with simple linear controllers. Additionally, the APD
strategy further strengthens the robustness of the closed-loop sys-
tem as active pulsating power buffering (of the instantaneous power
difference between the ac-port and the dc-port of the converter)
of basically any form can be achieved. With the proposed non-
linear controller, we are able to further exploit the potential and
unlock several new features intrinsic in H? single-phase converters,
e.g., active voltage holdup function, allowing extended holdup time
(comparable to existing products with large dc-link capacitors)
with only a small energy storage. The general theory, design pro-
cedures, and practical considerations of the nonlinear controller
are detailed. A 100-W hardware prototype is also built to demon-
strate the advantages of the proposed solution. New opportunities
of H? single-phase power converters with the aid of the proposed
nonlinear control are also suggested for future research.

Index Terms—Automatic-power-decoupling (APD) control,
feedback linearization, nonlinear control, single-phase converters.

1. INTRODUCTION

INGLE-PHASE power converters are widely used both in
S consumer and industrial electronics applications. Typical
applications range from low-power applications (e.g., laptop
adaptors, LED drivers, typically <250 W) up to kilowatt-scale
medium-power applications (e.g., microinverters, electric ve-
hicle chargers). Recently, there is a trend toward high power
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density, high power-conversion efficiency, and high reliability
(H?) single-phase power converters in residential and commer-
cial grid-connected applications [1], driven mainly by 1) the
rise of distributed power generation, which dictates prolonged
operating lifetime and easier onsite deployment of power con-
verters, and thus converters are expected to be more reliable,
lightweight, and compact and 2) the advent of advanced wide-
band gap semiconductor technology—a key enabler for efficient
and reliable switching operation at a very high frequency—
which substantially reduces the size of the passive and the
thermal-managing components in the overall system. Follow-
ing this trend, Google and IEEE initiated the GOOGLE Little
Box Challenge in 2014, which has attracted significant public
attention on the development of H? power converters with its
worldwide challenge to achieve the most compact 2-kW single-
phase solar inverter [2]. Incorporating advanced technologies
(new semiconductors, innovative topology) and novel modula-
tion concepts, the new-generation single-phase power convert-
ers with simultaneous very high efficiency (>98%) and high
power density (>200 W/in®), which are far better than those
available in the market, have been devised successfully [3]-[7].

Despite the advancement of these new technologies that push
the power density and efficiency to the next level, three critical
issues remain unsolved, regarding the following.

1) Dynamic performance: So far, the majority of efforts
in H? single-phase converter control focuses only on
steady-state operations and rely on linear control tech-
niques. In practice, the converters may frequently un-
dergo large-signal transient operations and/or be sub-
ject to external disturbances. Typical linear controllers
are usually designed to have slow dynamic responses to
avoid instability issues. Some in-depth investigations have
been made in [8] where a linear controller is designed
with high control bandwidth and sufficient stability mar-
gin, aiming for fast dynamics and enhanced robustness.
While the H® converter was shown to be very robust
in the presence of ac grid harmonics during the steady
state, the dc-link experienced large (>14% of the aver-
age dc-link voltage) and slow (several line cycles) volt-
age excursions for a step change of the load power [8].
Large voltage excursions in the dc-link must be avoided
since the resultant high voltage stresses imposed on the
power components can lead to catastrophic system fail-
ure. In [9], an interesting phenomenon has been reported
that linear controllers, which are designed to ensure the
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system’s stability for constant-power-load operation dur-
ing the steady state, may still lead to substantial system
oscillations (e.g., with a dc-link voltage oscillation of
4+10% of the average dc-link voltage) when the load power
contains some random-frequency small-signal power vari-
ations. It appears that linear control techniques pose cer-
tain limitations for controlling H? single-phase converters.
Some nonlinear control methods have been proposed re-
cently and successfully implemented for regulating H?
single-phase converters. In [10], a patent-pending feed-
forward controller is proposed aimed at large-signal op-
eration. It achieves fast dynamics and strong robustness
without voltage overshoot/undershoot in the dc-link in the
event of a large step change of the load power. An alterna-
tive control method based on partial feedback linearization
techniques is studied in [9], in which improved dynamic
performance and robustness have been demonstrated in
more experimental tests (e.g., grid voltage sag/swell, a
step change of the dc-link voltage reference, etc.) for
power-factor correction applications. Although experi-
mental results have been positive in confirming that non-
linear controllers are more suitable for regulating the H?
single-phase converters than linear ones, there is a lack
of theory that can fully support the hypothesis. Moreover,
reported controllers are topology dependent. There is no
general control theory that can be applied to a wider range
of H? single-phase converters.

2) Holdup function: Voltage holdup (often related to ac main
failure) is mandatory in many ac-to-dc applications, such
as PC adaptors and many consumer electronics products.
Compared to their conventional counterpart, H? single-
phase power converters featuring very small energy stor-
age are generally believed to be incapable of providing
voltage holdup function. This is probably one of the ma-
jor hindrances in the industry for a wider application of
H? single-phase power conversion technology.

3) Ancillary services: It is widely known that conventional
single-phase power converters (e.g., full-bridge convert-
ers) are capable of providing several ancillary services,
such as reactive power generation, bidirectional power
flow control, and active power filtering (APF). Multi-
functional single-phase power converters that can provide
several ancillary services at the same time besides power
conversion have been a hot topic in recent years [11].
These converters integrating multiple functions help im-
prove overall system resiliency and reduce system cost
drastically. To date, no attention has been given to em-
ploying the new-generation H® single-phase power con-
verters to provide ancillary services. A highly compact
and energy-efficient multifunctional single-phase power
converter is highly desirable.

In this paper, the three challenges mentioned above are tackled
in H? single-phase power converter design. It will be demon-
strated how the three challenges can be solved simultaneously
with a nonlinear control technique. In Section II, the key differ-
ences in the circuit operation between H? single-phase ac-to-dc
converters and their conventional single-phase counterparts are
analyzed. A theoretical framework is then established to explain
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Fig. 1. DC- and ac-port operation waveforms of the H> single-phase
converters in steady state.

the limitations of employing conventional linear controllers for
regulating H? single-phase converters. In Section III, a nonlinear
controller that is based on 1) input—output feedback lineariza-
tion technique and 2) automatic power decoupling strategy, is
presented. This controller allows the converter to operate with
fast dynamics, global stability, and enhanced robustness at the-
oretically all operating conditions. In Section IV, the control
method is applied to an H? single-phase power converter with a
buck-type power-pulsation buffer that is operating in discontin-
uous conduction mode (DCM) to demonstrate its generality. The
detailed design procedures and key considerations of the control
are also explained. In Section V, a comprehensive performance
evaluation of the simulations and experimental results is per-
formed, showcasing the superiority of the control technique and
suggesting new opportunities of H* single-phase power con-
version technologies in future applications. In Section VI, the
conclusion of this paper is drawn.

II. LIMITATIONS OF APPLYING LINEAR CONTROLLERS
OVER H? SINGLE-PHASE CONVERTERS

A. Characteristics of Conventional and New-Generation
H’ Single-Phase Power Converters

Single-phase ac-to-dc converters inherently require substan-
tial energy storage in order to maintain a stable dc-link voltage
[12], [13]. This energy-storage requirement cannot be reduced
by increasing the switching frequency, as it depends on the
instantaneous power difference between the ac-port and the dc-
port of the system (see Fig. 1). Historically, the need for energy
storage has been solved passively, e.g., by directly parallel-
ing electrolytic capacitors (E-caps) on the dc-link [see Cj, in
Fig. 2(a)]. Such passive solution offers a good compromise be-
tween size and cost. However, E-caps have been widely known
to be less reliable with limited service lifetime (e.g., <7000 h at
105 °C [14], [15]). Additionally, as Cj, and the dc-port are elec-
trically coupled, the capacitance of C}, must be huge to meet the
stringent requirement of the dc-link voltage ripple. In the new
generation of H*> power converters, the energy-storage function
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Fig. 2. Generic physical model of (a) conventional single-phase converters
with a large dc-link capacitor and (b) H? single-phase converters with a small
buffering capacitor at the ripple port [1].

is achieved actively by diverting the imbalanced power into a
ripple port [see Fig. 2(b)]. As Cj, and the dc-port are electrically
decoupled, the capacitance of C, can be drastically reduced by
allowing a much larger voltage fluctuation Awv;, over the ripple
port while still maintaining a steady dc-link voltage. As a result,
compact and reliable single-phase power converter design can
be simultaneously achieved by replacing E-caps with ceramic
(or film) capacitors. In literature, the electrical circuit for achiev-
ing active energy storage is referred to as power-pulsation buffer
(PPB) [10]. Essentially, the conventional single-phase converter
can be described as a two-port passive network (with an ac-port
and a dc-port), while the converter with an active PPB is a three-
port one (with an additional ripple port). Three key differences
regarding their circuit operation are identified as follows.

1) Small-Signal Versus Large-Signal Operation: The volt-
age fluctuation Avj in Fig. 2(b) is generally much larger than
that in Fig. 2(a). For instance, in typical photovoltaic (PV) in-
verter applications, Av;, in Fig. 2(a) must be less than 8.5% of
the average dc-link voltage V. to attain a high energy utilization
ratio [16], while Av, as large as 100% of Vg is theoretically
feasible in Fig. 2(b) in order to minimize C}, [1]. Therefore, the
H? single-phase converter inherently involves large-signal op-
eration at the ripple port even in the steady state. Conventional
linear control techniques, which are based on small-signal ap-
proximations and valid only around specific operating points,
hence, may not retain satisfactory dynamic performance and
robustness, even during the steady state.

2) Large Versus Small DC-Link Inertia: In Fig. 2(a), the
dc-port can be regarded as a voltage source as a large C is
connected to the dc-link. vg. is, hence, almost immune to the
disturbances from the load and the ac-port provided that the in-
terval of the disturbances is short. In contrast, no large capacitor
but just some small ones for high-frequency filtering [not shown
in Fig. 2(b)] are connected to the dc-link in Fig. 2(b). The small
“inertia” of the dc-port tends to destabilize the overall system
and vg. becomes highly susceptible to disturbances from the
load, the ac-port, and the ripple port. Therefore, linear control
techniques applied to conventional single-phase converters may
be ineffective to suppress the substantially increased impacts of
external disturbances on H? single-phase power converters.

3) Single-Input Single-Output Versus Two-Input Two-
Output: For a physical n-port passive network, the power of at
most n — 1 ports can be directly and independently controlled,
following the principle of conservation of energy. To comple-
ment the n — 1 control outputs, at least n — 1 control inputs are
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Fig. 4. Power flow diagram of the H> single-phase converters with the

adoption of (a) Strategy A. (b) Strategy B. (c) Strategy C.

needed (one for each port). Therefore, a physical n-port passive
network is essentially an n — 1-input n — 1-output system from
the control viewpoint, as highlighted in Fig. 3. This means that
the conventional single-phase converter, being a physical two-
port network, has a single-input single-output (SISO) plant’s
model, while an H* single-phase converter, being a physical
three-port network, has a two-input two-output (TITO) plant’s
model. One major challenge for controlling a multiple-input
multiple-output system is that the system states and the control
inputs are generally coupled. The intrinsic coupling character-
istic of the H? single-phase converter that is seldom considered
in prior arts is another reason behind the poor dynamic perfor-
mance with a linear controller.

B. Control Strategies for H® Single-Phase Power Converters

In addition to circuit operation, the control strategies also have
major impacts on the overall system performance [9], [17]. As
the targeted system is a three-port passive network, only the
power of two out of the three ports can be directly controlled.
As aresult, there are following three possible control strategies
(see Fig. 4):

Strategy A: direct control of ac- and ripple-port power;

Strategy B: direct control of dc- and ripple-port power;

Strategy C: direct control of ac- and dc-port power.

Strategy A and Strategy B involve direct control of the ripple-
port power and are, thus, referred to as direct-power -decoupling
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Fig. 5. Typical control structures of DPD control and APD control based on
linear controllers.

(DPD) control. However, no dedicated ripple-port power control
is required (indirect) with Strategy C. Such a control strategy is
referred to as automatic-power-decoupling (APD) control [9].
In literature, Strategy A is widely adopted.

Although the three control strategies are theoretically equiva-
lent and are expected to achieve the same dynamic performance,
DPD control in practice is less robust and possibly leads to a
more complicated control structure than APD control [9]. The
reason can be explained using Fig. 5, which shows the typical
control structures for DPD control (Strategy A) and APD control
based on linear controllers.

As DPD control strategy involves direct ripple-port power
regulation, a reference signal for the ripple port needs to be gen-
erated [e.g., vy in Fig. 5(a)]. Essentially, the reference should
be generated in such a way that the instantaneous power ab-
sorbed/released by the energy storage Cj match precisely the
instantaneous power difference between the ac-port and the dc-
port (i.e., Pripple (t) = Dac(t) — pac(t), assuming the power losses
of the converter are neglected). Two methods have been widely
employed for ripple-port reference generation: 1) open-loop cal-
culation based on the principle of conservation of energy [10],
[13] and 2) forming an outer closed loop such that the dc-port
has zero voltage ripples (i.e., vger — 0) [18]. The problem with
these two methods is that they are more suitable for steady-
state operation. In the event of a step change of the input volt-
age/load/reference, there will be a step change of p,.(t) and/or

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 6, JUNE 2019

Pac(t), leading to a step change of prpple(t) that needs to be
buffered by (). Regarding the open-loop reference generation
method, the exact amount of pyippie (¢) is difficult to be calculated
precisely and in real time, unless many sensors for measuring
Dac(t) and pqc(t) are installed and a fast computational unit
is used [10]. Regarding the closed-loop reference generation
method, the control bandwidth in an outer loop is generally
slow and insufficient for fast reference generation. It should
be emphasized that any mismatch between the estimated and
the true pripple(t) will result in anomalies at the ac- or dc-port,
leading to overshoot/undershoot in the system or even system
instability. In contrast, no ripple-port reference generation is
needed with the APD strategy as no dedicated ripple-port con-
trol is involved. Meanwhile, as the dc-port reference V; [see
Fig. 5(b)] is usually a known quantity predetermined by specifi-
cations, dc-port regulation can be completed in a single control
loop. If perfect reference tracking is achieved at the ac-port and
the dc-port, the power imbalance prippic (¢) of basically any form
shall be automatically transferred into the ripple port. That is,
perfect pulsating power buffering can be achieved under theoret-
ically all operating conditions. Therefore, APD control strategy
is potentially more robust than DPD. The major problem with
the reported APD control methods is that the controller is im-
plemented with linear control techniques; thus perfect reference
tracking is difficult [19]-[21].

The new characteristics of H® single-phase converters regard-
ing the circuit operation and the limitations of previous control
strategies suggest the following desired control concept: On the
one hand, we want to model and deal with the nonlinearities and
the couplings by using nonlinear control techniques, hopefully
yielding more robust and superior dynamic performance; on the
other hand, we want to employ APD control strategy to simplify
the control structure and further enhance the system’s robust-
ness. Our proposed control method, which is to be explained
below, represents a hybrid solution that combines the best fea-
tures of these two approaches. As will be shown in the following
sections, the proposed solution achieves very fast dynamics per-
formance, strong robustness against external disturbances, and
global stability with a very simple control structure.

III. GENERAL APD CONTROL METHOD BASED ON
INPUT-OUTPUT FEEDBACK LINEARIZATION

Feedback linearization offers a powerful tool for controlling
a multi-input multi-output (MIMO) nonlinear system [22]. It
can completely solve the coupling and nonlinearity problem by
algebraically transforming the input w of the original MIMO
system such that the MIMO system becomes several fully linear
and decoupled SISO subsystems with respect to the new control
input v. Importantly, simple linear control design techniques can
then be applied to the SISO subsystems, yielding global stability
of the original MIMO system. This simple concept of feedback
linearization was first introduced in motor driver applications
in [23], where many electrical and mechanical dynamics in
the system were coupled. Later, it found wide applications in
the areas of power electronics domain, such as solving various
coupling issues (e.g., the d-q coupling) in the control of three-
phase PWM converters [24].
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Fig. 6. (a) Block diagram of the nonlinear model of single-phase power
converter with input—output feedback linearization. (b) Resultant equivalent
block diagram after input—output feedback linearization.

Fig. 6 depicts the overall block diagram of the proposed non-
linear controller based on input—output feedback linearization
and the APD control strategy, and the resultant equivalent block
diagram after linearization. In particular, the H® single-phase
converter, which is a TITO nonlinear system, is described in the
following form:

= f(z) +g@) u
{ymw) ’ %

where © = |21, 75 ...2,]T is the state vector, n is the order
of the TITO system, f and h are smooth vector fields, g is a
smooth matrix, and w = [u1,us] and y = [y;,y2]T are the two-
dimensional input and output vectors. According to the APD
control strategy, the ac- and the dc-port dynamics should be
chosen as the control outputs y; and s, respectively.

To linearize the system, iteratively apply differentiation to
each control output y; (i € {1,2}) for k; times until at least one
control input w;(j € {1,2}) appears in the expression of the
derivative of y; (i.e., the coefficient of u; becomes nonzero),
that is

2
" = L b @) + 3Ly, L k(@) w @)
i=1

where there exists at least one element j € {1, 2} such that
ki1
Ly, LV hi(x) £ 0 3)

where Lyh and L, h are the Lie derivatives of h(x) with regard
to f(z) and g(x), respectively. Equation (2) can, thus, be
rearranged in a compact matrix form as

it
[ W] = a(z) + B(z) -u @)
Yo~
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Fig. 7. Topology of the studied H? single-phase power converter with a
buck-type PPB.

where
Ly ()
LY o ()

Ly, LY V(@) L, LYV 1y ()
(k2—1) (ka—1) - O
[ Lo, Ly” “ha(x) Ly, Ly h ()

To linearize the original system (4), a new set of control inputs
v can, thus, be selected as

(k1)
hn |:1}1 ]
= =w. (6)
k
[yé 2)] 2
By combining (4)—(6), u can be explicitly resolved from v
according to the following control law:

u=E"(z) (v-ax)) @)

provided that E(x) is nonsingular. By setting the output feed-
back law as

(k1) (

[Ul] - [yi +a1k|71€1k1_1) +"'+a11€§1) + aper
2 ?J;(kZ) + az kr2_1e§k2_1) Jr"'Jrazleél) + azpes

(®)
the closed-loop error dynamics of the system can be described
by combining (6) and (8) as

{65’“) tar e+ anel) Fape =0 )

") Fagiy_1ey TV 4 Fasel!) +azpes =0

where e¢; = yf — y;. Itis, thus, easily to determine the coefficient
of a;j; such that the error dynamics described in (9) are stable and
can quickly converge to zero by regular linear control technique
(e.g., pole-placement).

In [9], a partial feedback linearization-based controller with-
out considering the nonlinearity introduced by the load cur-
rent has been presented for a type of H? single-phase convert-
ers operating in the continuous conduction mode (CCM). To
demonstrate the generality of this control method and to de-
tail further design considerations that are missing in [9] (e.g.,
global stability analysis, and robustness against component vari-
ations), we focus on a type of H® single-phase power con-
verters as shown in Fig. 7. The converter comprises a full-
bridge converter (S; — Sy, Ly, Cyc) and a buck-type active PPB
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(S5, 56, Ly, Cp). The buck-type PPB among all other alterna-
tives is selected due to its highest achievable power density [10].
Different from the design in [10], the filter inductor L; is delib-
erately designed to operate in DCM aiming to further improve
the system’s power density.

IV. ANALYSIS OF THE PROPOSED NONLINEAR
APD CONTROLLER

A. Modeling of the H> Single-Phase Power Converter
With a Buck-Type PPB

As the PPB must support bidirectional power flow to enable
pulsating power buffering, the converter in Fig. 7 has two op-
eration modes. Given the direction of the input current of the
PPB, ippp, as marked in Fig. 7, the following observations are
made.

1) When ippg > 0 (the PPB absorbs power), the PPB oper-
ates in the buck mode. Sj is actively switching at high
frequency and S remains OFF [see Fig. 8(a)].

2) When ippg < 0 (the PPB releases power), the PPB oper-
ates in the boost mode. S is switching at high frequency
and S5 remains OFF [see Fig. 8(b)].

The state-space-averaged model of the system over one

switching period T, can be described by (1), which is restated
as the following:

z=f(x)+g(x) u (10)
where
U m -
S i A e R [u;] - Lp } (@)= | —E
3 | L Vb PPB 0
7= 0
o _% , buck mode
xy (29 —13)
g(z)= ) an
I 0
C{rllr m , boost mode
0~y

m is the modulation index of the full-bridge converter, dppg is
the duty cycle of the PPB (i.e., the duty cycle of S; during buck-
mode operation and that of S during boost-mode operation),
and ¢ = 2Ly /Ty
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For control convenience, the control output is selected as

_ W _ Lacxl
Y {92] |:Cdcx2:| '
The control of (12) has the same effect as controlling [x7 , x5 ]
except for a difference in the gains. It is clear from (10)—(12)
that the targeted system is highly nonlinear and highly coupled.

Moreover, g () has a piecewise form, which further complicates
the controller design.

12)

T

B. Design Procedures of the Proposed Nonlinear APD Control
By differentiating (12) once, one has

— 0
[ Uac } + [ 2 (22 m)} {ul] , buck mode
—load . — R up

—X9 O

y =
|: ’(fac :|+ [ Ii ‘| |:’U,1:| , boost mode.
—1oad T ]

(zo—x3)c w2
(13)

It is noted that the first derivative of y contains the control
input w. If the new control input v is selected as

SR

the original nonlinear and coupled system is then transformed
into two decoupled and linear first-order SISO subsystems with
respect to v. The decoupling control law can be derived by
solving (13) and (14) as

(14)

Vac —V1
T
[C[<T(;('1’1)11(1’2 +ilond>'£2]‘| ; buck mode

o (xg—x3)

Vae =1
T2
[C[<7’ac —v1 )& =(Vy+i10ad ) To] ( ] » boost mode.

wywy? T2 =23
5)
If the output feedback law is set as
|:'U1:| _ oo (yi —w) (16)
v2 U5 + oz (Y3 — 2)

then the resultant closed-loop error dynamics of the system
become

A7)

é1+a1eg =0
€y + anes =0

where e; = x} — x;, and 1/c; = 7; is the corresponding time
constant. «;, thereby, directly determines the bandwidth of the
control loop of x; and is a free design choice. The bandwidth of
each control loop should be lower than the switching frequency
but sufficiently high to achieve fast reference tracking. By prop-
erly designing the bandwidth, asymptotic reference tracking
of the reference with a desirable rate of convergence can be
achieved.

Finally, with reference to (15), the averaged ippg over T, can

be derived as
(Vac —v1) 1 — (V2 + T10ad) T2

X9

(18)

ippp =
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Thus, the operating mode of the PPB can be conveniently
determined by checking the polarity of ippg in (18), as mentioned
in Section IV-A.

C. Stability Analysis of the Proposed Nonlinear APD Control

According to (17), e; and ey will always converge to zero
if o; > 0. This means that y; and y, will track their respective
references with zero steady-state errors and have global stability
theoretically. However, the dynamics of the remaining state 3,
which is not directly controlled, can be described by the internal
dynamic equation

i3 =a(x3,y,v). (19)

The stability of the internal dynamics, thus, solely determines
the stability of the overall system. To simplify the analysis, it is
sufficient to examine only the zero dynamics of x3, i.e., when
the system’s tracking errors are zero, and thus,

j';3 :0«(33372'4*7'!)*)- (20)

1) Buck-Mode Operation: According to (10)—(16), the inter-

nal dynamics of x3 during buck-mode operation are described by
1

- Cyas

— X9 [iload + asCyc (x; - xZ)H’ .

T3 : {1‘1 [vac - Lacitik — 1Ly (z}k - 131)]

2

When the tracking errors of 7 and x5 tend to zero (i.e., x1 —
x], e — x%), the zero dynamics becomes

1

&3 = Cots (2] (Vac — Lac®]) — T5810aa] - (22)
Without loss of generality, assume that
Vae = Vac sin (wt), 2] = I, sin (wt + 7). (23)
Then, (22) is equivalent to
% (xi) = Cig, [Vaell. cos 0% — 2a5i15ad
— Vi IF, sin (2wt + 6% + )] (24)

where

* = \/(V}LC + WLy IF, 8in 0%)® 4 (wLye I, cos 6%)?,

Vae +wlyc I, sin 0
wly I, cos 0

= arctan (25)

At the steady state, and according to the principle of conser-
vation of energy, I}, and 6 * should also satisfy
Vaclye
2

Therefore, by solving the differential equation in (24) with
the help of (26), 3 can be resolved as

cos 0" — x5i10aq = 0.

(26)

Xy = \/Vb% — Acos (2wt + 6% + ) (27)

-
Vin Lie

where A = i and Vj( is a constant that determines the
offset value of z3. Equation (27) indicates that =3 is bounded
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by v/Vio? &+ A and, thus, the zero dynamic is globally stable
during the buck mode in the sense of Lyapunov.

2) Boost-Mode Operation: Following similar procedures,
the zero dynamics of the system in boost-mode operation can
be determined by

T3 = \/Vb% + Acos (2wt + 0% + ). (28)

Equation (28) indicates that x5 is bounded and, thus, the zero
dynamics is globally stable in the sense of Lyapunov during
boost mode.

D. Analysis on Robustness Against Parameter Variations

Feedback linearization typically requires the exact knowl-
edge of the system parametric values. In practice, due to the
component tolerances, temperature effect, etc., the actual com-
ponent values will deviate from the nominal designed values.
Deviation of the component values might affect the controller
bandwidth and/or introduce state-state tracking errors. This can
be explained by taking Cq4. as an example. Assume that the
actual output capacitance is Cic. Then, according to (12), the

actual control output is
j2 = Cacta. (29)

Applying the same decoupling law (15), the second term in
(14) then changes to

o =5 + a2 (Y5 — y2) - (30)
Substitution of ¢, in (30) with (29) leads to
Cacity — Cacidty = aaCac (w5 — 13) 31)
As @5 = 0, (31) is identical to
Cae (&5 — @) + s Cye (25 — 22) =0
Cac
S by + ay=ey = 0. (32)
de
Equation (32) indicates that e; will still converge to zero,
but with a time constant of 7o = % g—:‘ Compared to the error

dynamics in (17), the deviation of the time constant from the de-
signed value is proportional to the deviation of the capacitance.
The dynamic waveforms of vy, with different Cy. values are
shown in Fig. 9(a). In this simulation, the reference z7 is step
changed from 400 to 450 V. Also, the cases in which Cy. has
a deviation of +20% of the nominal value (10 pF) are tested in
contrast to the case with no deviation of Cl.. It can be observed
that zero steady-state error is achieved in all the three scenarios
but with a slight difference in the settling time.

By following a similar procedure, the impact of component
variations in L,., Ly, and C}, on the system’s dynamic perfor-
mance can be evaluated. It is concluded that: 1) variation of
L;, only leads to a change in the control bandwidth, similar to
the scenario of Cy. variation; 2) variation of L,. leads to both
steady-state tracking errors and a change in the control band-
width. However, provided that the bandwidth of the line current
tracking loop is sufficiently higher than the line frequency, the
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Fig. 9. (a) Response waveforms of the dc-port voltage under the reference
step change with the dc-port capacitance tolerances of 0%, —20%, and +20%.
(b) Waveforms of the dc-port voltage without and with the integral terms in the
presence of a i1ppg measurement error of £30%.

steady-state tracking error is negligible; and 3) variation of C},
does not affect the system’s dynamic performance.

It is possible to further improve the system’s performance by
incorporating integral terms into the feedback law as in (33) to
eliminate any residual steady-state errors due to the unmodeled
dynamics, and/or sensing/control errors

|:’U1] o yf + a1 (yf - y1) + a2 f(yi‘ — yl)dt 33)
v2 Us + a1 (Y5 —y2) +aoa [ (y5 —ya)dt

The capability of ensuring zero steady-state error is justi-
fied by the resultant new error dynamics of the closed-loop
system as

?:1 +Oé11<f/1 + aie; =0 34)
€9 + 2169 + apes = 0.

To demonstrate the viability of the new control law (33) for
steady-state error elimination, the simulated waveforms of vg
without and with the integral terms (c2; = 4000, apy = 40) are
compared in Fig. 9(b), assuming an %), measurement error of
430% and a vy, reference of 400 V. Initially, no integral term is
included and dc tracking errors of +2 and -2 V, respectively, are
observed. In contrast, after the integral terms are incorporated,
the steady-state errors are effectively eliminated. The complete
system block diagrams with the proposed nonlinear controller
are shown in Fig. 10(a). The equivalent control diagrams are
shown in Fig. 10(b). The reference generation for z;, which in-
cludes the design of the phase-locked-loop and the compensator
Gpo(s), have been extensively studied in the literature and are
well known [25]. This paper will not repeat the details.
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Plant

(b)

Fig. 10. (a) Control block diagram of the APD nonlinear controller for the
targeted H> single-phase power converter. (b) Its equivalent control diagram
after input—output feedback linearization.

E. Comparison With Linear Controllers

Fig. 11(a)—(c) illustrates the simulated waveforms of the con-
verter using the 1) linear controller with DPD control strategy; 2)
linear controller with APD control strategy; and 3) the proposed
nonlinear controller with APD control strategy, respectively, for
a step change of the dc voltage’s reference from 400 to 450 V.
With a load of 1.6 k€2, the output power is switched from 100 to
127 W. The design of the linear controllers in Fig. 11(a) and (b)
follows that in [9], with a control bandwidth identical to that of
the proposed nonlinear controller.

According to Fig. 11, all three controllers achieve similar
steady-state performances in terms of the power factor and out-
put voltage regulation. However, Fig. 11(a) and (b) shows that
the use of linear controllers, regardless of the control strategy,
leads to a substantially delayed and disturbed step response of
V4. during the vy transient. The results confirm that the lin-
ear controller is less robust for large-signal operation of the
converter. In contrast, with the proposed nonlinear control [see
Fig. 11(c)], vg. follows a first-order transfer function with a
settling time of around 0.8 ms. This is expected with reference
to the operating principle of the proposed control method as
described in Section III.

V. EXPERIMENTAL RESULTS

The proposed nonlinear APD controller is examined us-
ing both processor-in-the-loop PSIM simulations and a
100-W hardware prototype. The specifications of the simulated
and experimentally tested system are shown in Table 1. All
control algorithms are implemented using a DSP (model no.:
TMS320F28335) with a sampling frequency of 25 kHz. Unipo-
lar sinusoidal-pulsewidth-modulation is employed to control the
full-bridge converter. In the experiments, a programmable ac
power supply (model no: PCR2000LE) is connected to the ac
side of the converter directly and a resistor of 1.6 k{2 is used
as the dc load. All the waveforms are captured using a digital
oscilloscope (model no.: DSOX3024A).
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Simulated waveforms of the converter for a step change of the dc voltage reference with (a) linear controller with DPD control strategy, (b) linear

controller with APD control strategy, and (c) the proposed nonlinear control with APD control strategy.

TABLE I
SPECIFICATIONS OF TARGETED SINGLE-PHASE POWER CONVERTER
‘WITH BUCK-TYPE PPB

Parameter Value
rated power 100 W
switching frequency 25 kHz
switch model Sito Sy APT18M100B
Ss, Se G4PC30FD
ac port Vae 220 V (RMS)/ 50 Hz
L 7 mH
dc port Vie 400 V
Cec 10 uF (film capacitor)
ripple port Cy 30 uF (film capacitor)
Ly, 212 uH
Vio 275V
controller 7 250 us
5} 80 us

A. Steady-State Operation

Fig. 12 illustrates the steady-state operating waveforms of the
power converter with the proposed nonlinear APD controller
operating in rectifying mode of operation at full load. It can be
observed that i, is in phase with v,. with a low total harmonic
distortion (THD) of 3.57%, and that the dc-link voltage vq. is al-
most constant with a peak-to-peak voltage ripple Avg. of merely
2V (0.5% of the average dc-link voltage). However, the voltage
vy, across the energy storage (C, = 30 uF) is fluctuating signif-
icantly with a peak-to-peak voltage ripple of Av, = 50V. The
variation of v, implies pulsating power buffering of the PPB. As
a benchmark, C;, would be as large as 400 uF [1] with conven-
tional passive buffering to achieve the same 0.5% dc-link ripple.
In Fig. 12(b), the inductor L; is operating in DCM as its cur-
rent 7, reaches zero per switching cycle. A similar experiment
is conducted at full load when the converter is operating as a
grid-connected inverter. In this experiment, a dc-voltage source
of 450 V (model no.: CPS-40003D in series with DP832) is
connected to the de-link of the converter through a R, = 100 Q2
resistor [see Fig. 13(a)] to emulate a PV panel [2]. Again, the

Time: [Sms/div]

Va

-
Zan
Nl
N\

]
/TN

I gt [1A/div]

A

vae: [200V/div]

A= §1,0q: [200mA/div]
(a)
Time: [Sms/div]
;” 3 ;\ ”\ i
‘av: 1 i
.ul- [ |A/dlv]| \ \\..
| |
‘x_./ﬁ‘uﬁ\_/ "H_K‘“"-H,,.-'
L ip: [SA/div]
\
ipf4
N1-vgae: [2V/div]
(b)

Fig. 12.  Experimental steady-state waveforms of the single-phase power con-
verter with the proposed nonlinear APD controller regarding (a) ac-port and
dc-port performance and (b) ripple-port and control-output performance (The
probe for measuring vg. is ac coupled to provide an insight into the output-
voltage regulation).

system achieves a unity power factor and a stable dc-link volt-
age, as shown in Fig. 14(a).

As the proposed controller is robust for large-signal opera-
tion, the energy storage can be further reduced and approach
the theoretical limit (i.e., C;, = 3.98 uF as predicted by [1]).
Fig. 14(b) illustrates the operating waveforms of the converter
as C}, is reduced to 5.47 pF in the rectifying mode of operation.
While v, has a large voltage swing of more than 300 V (75%
of vy.), the converter retains its unity power factor and the sta-
ble dc-link voltage. In practical applications, sufficient voltage



5912

i

Cy
Acmc ——|—C”‘
L. converter _—I_
Voo
AC/DC
converter
)E c E]R
(a) (b)

Fig. 13.  (a) Circuit diagram of the inverter experiment. (b) Circuit diagram of
the APF function experiment.
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Fig. 14. Additional steady-state test of the converter. (a) Inverting operation
with full load. (b) Operation with a reduced buffering capacitor (5.47 uF).

margin must be taken into consideration such that v, always
stays between 0 V and v, reliably even in the event of transient
intervals. Therefore, C;, = 30 uF is reused in the following tran-
sient tests. The objective of the experiment in Fig. 14(b), how-
ever, is to demonstrate the capabilities of the controller for large-
signal operation and to confirm that the ac-port and the dc-port
are fully decoupled from the ripple-port dynamics.

B. Transient Performance

1) Input-Voltage-Disturbance Rejection: The dynamic re-
sponses of the converter with the proposed control to 1) a step
change of v,. (£20%); and 2) ac voltage clipping (crest fac-
tor = 1.2), are recorded in Fig. 15. In both scenarios, vg. is
shown to be almost immune to the imposed input voltage dis-
turbances and remains tightly regulated before, during, and after
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Fig.15.  Experimental transient waveforms of the converter regarding (a) input
voltage sag of 20% and (b) input voltage clipping (crest factor of 1.2).
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Fig. 16. Experimental transient waveforms of the converter regarding load

step change from 0 to 100 W.

the transient intervals. The dynamics of the dc-port can, thus,
be regarded as decoupled from that of the ac-port. However,
unity power factor is still retained at the ac side throughout the
transient interval. The measured THDs are 2.62% and 7.73%,
respectively, during voltage sag and voltage clipping tests. The
slightly increased THD during the voltage clipping test is due to
the small current spikes in i,., as shown in Fig. 15(b) (occurred
at the voltage-clipping instant and are caused by the front-end
EMI filter, which is interfacing with the distorted ac voltage).
2) Load-Disturbance Rejection: Fig. 16 demonstrates the
dynamic responses of the converter as the dc load is switching
from no load to full load. The dc-link voltage is again shown
to be very robust and can be regarded as decoupled from the
load variations. A step change of the load power causes a step
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Fig. 17. Experimental transient waveforms of the converter regarding
step change of output voltage reference (a) from 400 to 450 V and
(b) from 450 to 400 V.

change of power imbalance between the ac side and the dc side of
the converter. With the APD control strategy, a step change of the
imbalanced power can still be buffered automatically by C},. The
buffering of this “stepped” imbalanced power can be visualized
in Fig. 16 as there is sudden voltage overshoot/undershoot in v,
at the load change instant.

3) Control Reference Tracking: The reference-tracking per-
formance of the converter is also examined, and the results are
recorded in Fig. 17. In this experiment, the dc voltage reference
V. is step changed between 400 and 450 V with a resistive load
of 1.6 k{2 at the dc side. As highlighted in the zoomed-in part
of Fig. 17, vq4. has a typical first-order response with a settling
time of around 1.5 ms for both voltage step-up and step-down
tests. These observations confirm the theoretical analysis in
Section IV that the closed-loop error dynamics are of first order,
and match closely the designed dc-loop time constant of 0.25
ms. A step change of v4. causes a stepped power imbalance due
to 1) a step change of load power between 100 and 127 W; and
2) a sudden charging/discharging power of Cycvqc(dvg./dt) for
Cqc. The “stepped” power imbalance is again buffered automat-
ically by C}, leading to sudden voltage variations in vy.

C. Direct Startup and Active Voltage Holdup

System startup and shutdown essentially involve large-signal
operation. To start up reliably, the reference commands for
startup control are usually incremented in a staircase manner
slowly toward the final set values. This process is known as soft
start. With the aid of the proposed nonlinear APD controller,
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Fig. 18. Experimental waveforms of (a) startup (without soft start) and
(b) shutdown processes.

which is robust in large-signal operation, the power converter
can be directly started up quickly toward full power without
the soft-start process. The startup waveforms with the proposed
control are captured and shown in Fig. 18(a). Prior to startup,
vgc has been charged up to around 300 V by the ac source
through the body diodes of the full-bridge switches (i.e., S; to
Sy). The converter is then started up directly by switching to
the proposed nonlinear APD controller. As Fig. 18(a) illustrates,
vgc reaches the set reference V; quickly within 50 ms. Unlike
the reference-tracking test in the previous section, v4. does not
follow the expected first-order responses, and the settling time
is much longer than the expected 1.5 ms. The reason is that C;
does not have enough energy to charge up vq. at the beginning
of the startup (i.e., v, = 0V). Instead, vq. is gradually charged
up by the ac voltage source. After v, is elevated with sufficient
energy, vq. then quickly settles to the targeted reference V.
However, the shutdown waveforms of the converter are
recorded in Fig. 18(b). As mentioned in the introduction, holdup
function is mandatory in many applications. Typical holdup time
is half to one line cycle, i.e., 10 to 20 ms for a 50 Hz grid [26].
Due to the small energy-storage capacitor used in the H? single-
phase power converter, there has been a misconception that these
converters may not be suitable for providing holdup function.
Fig. 18(b) has demonstrated, for the first time, that v is actually
held constant at 400 V for as long as 10 ms after the ac voltage is
shut down, and that H? single-phase power converters can meet
the holdup requirement just as the conventional single-phase
converters. The continued regulation of vy, is feasible as the
large-signal model in (10) still governs the system’s dynamics
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Fig. 19. Ancillary service tests of the proposed nonlinear APD control with
respect to (a) reactive power generation and (b) APF.

after the converter is disconnected from v,.. Thus, the nonlinear
APD control is still effective for system regulation. As a result,
the energy stored in Cj, can be fully utilized to actively sus-
tain the output power. Once C} is fully discharged (i.e., when
v, = 0V), vg. begins to decrease as enough energy is not avail-
able to support the dc-link voltage. Compared to the passive
holdup solutions in conventional single-phase converters (i.e.,
using large dc-link capacitors), the active holdup function can
fully exploit the potential of the energy storage, and significantly
reduce the energy-storage requirement.

D. Provision of Ancillary Services

In many practical applications, the voltage source converters
are expected to provide some ancillary services, such as reac-
tive power generation and APF, while still supplying/generating
the real power desired. Some preliminary results are obtained
to demonstrate the feasibilities of having a multifunctional H?
single-phase power converter for the first time, as illustrated in
Fig. 19.

Fig. 19(a) demonstrates the captured waveforms of the con-
verter when it is supplying a reactive power of —75 and
+75 var to the grid while at the same time outputting 100 W of
real power to the dc load. The step change of the reactive power
is achieved by changing the power angle (the phase difference
between 7. and v,) in the ac current control loop. As observed
in Fig. 19(a), the phase angle of i,. is changed abruptly while
still maintaining a stable dc-link voltage (or the dc power).
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To demonstrate the feasibility of performing the APF func-
tion with the H® single-phase converter, a single-phase diode-
bridge rectifier with an RC' load (R = 8002, C' = 20 uF) is
connected through an inductor (L = 150 mH) to the same
ac-voltage source to which the H? single-phase converter is
connected [as configured in Fig. 13(b)]. The diode-bridge load
draws a nonlinear current %,opiinear and is used as the harmonics
source in the experiment. To maintain a sinusoidal line current
i, flowing into the ac voltage source, inonlincar Must be actively
compensated. This is achieved by sensing Znonlinear, €Xtracting its
harmonic components, and then imposing them on the original
i,. reference command, as shown in Fig. 10(a). The measured
waveforms before and after the activation of APF function are
demonstrated in Fig. 19(b). It is shown that the THD of ¢, is
drastically reduced from 52.9% down to 6.03% as the APF func-
tion is activated. In the meantime, vq. is still well regulated at
400 V after APF is enabled. The instantaneous power absorbed
by the H* power converter, which is highly nonlinear, can be
clearly visualized from the distorted waveforms of vy,.

VI. CONCLUSION

In this paper, we proposed a general nonlinear controller for
improving the performance the emerging class of high power
density, high power-conversion efficiency, and high reliability
(H?) single-phase power converters featuring small buffering ca-
pacitance. Based on generic network modeling, it is shown that
H? single-phase power converters are inherently large-signal,
highly nonlinear, and highly coupled MIMO systems. These
new features justify the nonlinear approach adopted in this pa-
per, which is based on input—output feedback linearization tech-
nique. A novel APD control strategy is also proposed to further
enhance the dynamic performance and robustness against ex-
ternal disturbances. The proposed nonlinear APD controller is
further extended to DCM system to demonstrate its feasibility.
The presented control theory has been extensively examined
both in simulations and experiments. Satisfactory transient per-
formance and robustness are demonstrated. New opportunities
for the development of H? single-phase power converters have
been suggested with the aid of the proposed nonlinear APD
control.
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