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ABSTRACT The parallel connection of multiple distributed energy resources with a common DC-link
structure is typically used in grid-connected applications which enables flexible operationmaximizing power
production of the inverter system under various operation conditions. However, it has brought drawbacks for
DC-link power decoupling with the requirement of a larger capacitor bank, faster voltage regulation, etc.,
to maintain a constant DC-link voltage which increases the overall size and cost. In this paper, a DC-link
decoupling technique using a nonlinear control algorithm is proposed to perform rapid DC-link voltage
regulation for multi-input grid-connected inverters. With the implementation of a nonlinear observer, the
power fed into the DC-link from multiple inputs is estimated by the proposed control algorithm and can
be rapidly compensated by the inverter minimizing the DC-link voltage fluctuation. The effectiveness
of the proposed nonlinear power decoupling control algorithm is verified by comparing the DC-link
performance with a conventional control algorithm through both simulation results on a MATLAB platform
and experimental verification on a grid-connected inverter prototype.

INDEX TERMS DC-AC power converters, observers, nonlinear control systems, feedforward systems.

I. INTRODUCTION
With increasing environmental concerns, electricity demand
and advancement of power electronics technologies, dis-
tributed energy resources (DERs) have been experiencing
significant growth during last decades [1]–[3] and are play-
ing more important roles in modern smart grid systems.
Among all DERs, renewable sources such as wind [4] and
photovoltaics [5] have already been key parts in distributed
power generation systems. With the development of battery
technologies, battery based energy storage systems[6] as well
as electrical vehicles (EVs) [7] have also become essential
elements in distributed energy resources. In order to regulate
the operation of these DERs, maximize their power genera-
tion, perform power conversion meeting grid interconnection
standards, grid-connected inverters are therefore required as
the most critical interface between these DERs and power
grids [8]–[11]. Meanwhile, considering the fact that these
DERs have different power generation characteristics, multi-
input grid-connected inverter is therefore used to coordinate
the operation through a common DC-link structure [12].
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Compared with conventional systems where each energy
resource is equippedwith a grid-connected inverter, themulti-
input inverter has its advantages, such as: minimizing the
use of switching components so that energy losses during
power conversion is reduced; and flexible operation with
internal power sharing capability which enables steady power
generation to the utility grid even under the extreme input
conditions, etc.

However, due to the existence of uncertainties in these
DERs [13], the power production may change violently
which causes voltage fluctuations on DC-link and degrade
the operation of the system. According to [14], the grid
current can be severely affected by the DC-link voltage
causing high current total harmonics distortion (THD) issue.
As also presented in [15], low frequency DC-link voltage
fluctuations may show up in the grid current due to high
bandwidth of the current controller causing oscillations in
the output power. In order to minimize the impact of the
rapid DER power variations over DC-link, a large DC-link
capacitor is usually required to compensate these power vari-
ations, which, in return, decreases system power density and
increases the size & cost of the inverter system [16]. Apart
from large DC-link capacitor, the DC-link voltage controller
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is also designed to reduce these voltage fluctuations. As stated
in [17], the DC-link capacitance required to achieve a given
maximum voltage overshoot can be reduced by maximizing
voltage control bandwidth. In other word, both the DC-link
capacitor and DC-link voltage fluctuations can be minimized
with a properly designed DC-link voltage control loop, which
is set as the fundamental when developing the proposed
power decoupling technique.

In recent literature, the master-slave control method [18],
feedforward compensation methods [19], [20] and deadbeat
control algorithm [21] have found their placewith fast voltage
regulation performance and high bandwidth so that DC-link
voltage variation can be minimized for inverter systems.
However, all of these methods require additional commu-
nication and data exchange capabilities between DER-side
converters and grid-side inverter which increases overall
complexity of the control design procedure and limits plug-
and-play capability for future system extension.

Meanwhile, the dual-loop control algorithms have been
implemented in recent inverter applications [22], [23] for
its simple controller design procedure and communication-
less control environment so that plug-and-play operation of
the multi-input inverter system is enabled. Among the dual-
loop control methods, the proportional-integral (PI) control
algorithm has already been widely used in practical appli-
cations [24], [25]. However, the performance of these PI
controllers heavily relies on the system parameters and con-
troller design accuracy which cannot resolve the conflicts
between the steady-state performance and transient behav-
ior. Facing the tradeoff between steady-state behavior and
transient performance, some improved PI control methods
were introduced into the power converter system. In [26],
an adaptive PI algorithm based-on discrete-time model was
presented where the proportional and integral gains of the
controller were determined using an adaptive process aiming
to minimize the DC-link voltage fluctuation during power
transience. Nevertheless, an adaptive nonlinear PI control
method was introduced in [27] where two PI controllers, one
tuned for steady-state operation while the other one tuned
with fast transient performance, were combined as a Takagi-
Sugeno-type controller. These two PI controllers had adap-
tive control gains depending on the error of the measured
and reference DC-link voltage so that both the steady-state
and transient performance could be satisfied. However, these
proposed controllers [26], [27] also shared the drawback of
the PI method which was sensitive to parameter variations
particularly for the transient performances.

Apart from dual-loop controllers, other control algo-
rithms can also be introduced to multi-input inverter sys-
tems. Hysteresis voltage control algorithm was proposed
in [28] for three-phase power inverter systems. Although
the hysteresis controller is more robust as it is completely
parameter-independent, it also shows a poor dynamic perfor-
mance during power transients with small control bandwidth
and the DC-link voltage kept oscillating within the hysteresis
band. In [29], a nonlinear slide-mode controller (SMC) was

implemented to replace the PI controller to achieve better
dynamic responses as well as to compensate system uncer-
tainties, such as parameter variations. Even though the pre-
sented method showed a faster transient behavior compared
to PI controllers, the voltage ripples introduced by the nonlin-
ear characteristics of the SMC resulted in poor steady-state
performance. In [30], a state-space control algorithm was
designed so that both the DC-link voltage and grid current are
controlled based on one full-state differential equation. Simi-
lar methods, such as predictive control method [31] and SMC
method [32], have also been developed with high controller
bandwidth and fast DC-link voltage regulation based on sys-
tem state-space model. Computation complexity and param-
eter sensitivity are the major drawbacks of these state-space
controllers [30]–[32]. Load estimation methods, as improve-
ment methods based on feed-forward compensation, were
introduced in [33]–[36] where the transient behaviors of the
control system were improved with by estimating the input
current/power to the DC-link. Since no data exchange is
required by these methods, they can be easily implemented
in the multi-input inverter with minor modifications. How-
ever, the estimation technique presented in these literatures
were all originated for steady-state estimations. In a practical
multi-input inverter, due to the randomness nature of these
DERs the existence of rapid DC-link input power variation
results to huge estimation mismatches, which degrades the
performance of these observers during power transience caus-
ing large DC-link voltage fluctuations.

In order to adopt the operation of these power estimation
methods in the multi-input inverters, an improved power
decoupling algorithm based on nonlinear power estimation
is proposed and analyzed in this paper to reduce estimation
errors and to minimize DC-link voltage fluctuations during
rapid power variations. The main contributions of this paper
can be summarized as follows:

1. A power decoupling algorithm using a nonlinear
observer is proposed for the grid-side inverter which
regulates the DC-link voltage under rapid input varia-
tions from multiple input DERs.

2. Detailed mathematical design, analysis, and parameter
selection of the proposed nonlinear observer using Lya-
punov stability theory are provided for understanding
the proposed algorithm.

The effectiveness of the proposed nonlinear control algo-
rithm is verified by both simulation and experimental com-
parison with a typical linear observer-based reference method
presented in [33] from recent literature.

This paper is an extended and revised version of conference
paper [37] with extended analysis, development and expla-
nation on the design of the nonlinear observer along with
extended experimental comparison with a reference method.
The remainder of this paper is organized as follows: the
detailed mathematical analysis of the multi-input inverter
is described in Section II. The proposed nonlinear DC-link
voltage control algorithm is presented and explained in detail
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in Section III. Simulation and experimental validations are
presented and discussed in Section IV and the conclusion is
provided in Section V.

II. MULTI-INPUT INVERTER SYSTEM
In order to design the proposed power decoupling control
algorithm on a practical inverter system with multiple input,
the characteristics of the inverter system as well as the math-
ematical DC-link model are first discussed in this section.
A typical three-phase DER-based multi-input inverter system
is presented in Fig. 1, where multiple distributed energy
resources and their power converters are connected to the
utility grid through a common DC-link with a shared grid-
connected inverter.

FIGURE 1. Typical structure for three-phase hybrid DER power conversion
system.

During normal conditions, these DERs are either operated
under their maximum power point tracking (MPPT) oper-
ations (for wind, PV) or regulated to follow preset power
trajectories (for battery storage, EV). And the power pro-
duction/consumption from these resources can be internally
shared through the common DC-link. However, the intercon-
nection of these resources has also brought severe drawbacks
on the DC-link due to stack of energy uncertainties when the
power production/consumption from these resources changes
violently. As discussed in [28] and [38], the DC-link capacitor
is used as power decoupling storage elements to balance
power difference between DER-side converters and the grid-
side inverter. Through maintaining a constant DC-link volt-
age, the operation of both converters and the inverter can be
fully decoupled without interfering with each other which
forms the fundamental of communication less operation of
the inverter with multiple inputs. Here, all the investigated
DER sources are operated with their individual MPPT algo-
rithms and power trajectories for their power production,
connected as inputs of the DC-link and no additional high-
level power management devices are required with power
decoupling from DC-link capacitors.

Therefore, in order to compensate the drawback in the
multi-input inverter system with the advanced power decou-
pling control algorithm, the DC-link model which reflects the
characteristics of this inverter system is required to design
such a controller. Even though the DC-link can be built with
a complicatedmathematical model with its internal resistance
and leakage, as discussed in [15], the DC-link energy balance

model is sufficient whenmodeling the power flows within the
inverter system. Therefore, the DC-link model for the DER-
based multi-input inverter system can be formulated as (1) for
further simplification:

1
2
Cs
dV 2

dc

dt
= pin1 + pin2 + · · · + pinN − pout − ploss (1)

where Vdc represents the DC-link voltage, Cs is the capaci-
tance of the DC-link capacitor, pin1, pin2 and pinN represent
the input power from each of the Nth DER-side converter
to the DC-link, pout is the output power from the grid-side
inverter and ploss is the power losses across the system. It is
worth to point out that this DC-link model (1) is valid for
the system whose grid-current controller behave as an ideal
second-order low-pass filter and has a much higher band-
width than the DC-link voltage control loop. Therefore, the
performance of the inner current loop can be neglected in the
model (1).

Equation (1) can be further extended as (2), where pNin =
pin1 + pin2 + · · · + pinN , pNout = pout , and ṗNin = k represents
that either the input power to the DC-link is constant when
k = 0, or the input power to the DC-link is continuously
changing when k 6= 0. In other word, k is the changing rate
of the input power to DC-link and, for a practical system,
this k has a bounded range of −kmax < k < kmax where
kmax is the maximum power changing rate under the worst-
case scenario of the multiple DERs. The power losses ploss
is neglected since it is too small compared to the power flow
through the DC-link capacitors.

1
2
Cs
dV 2

dc

dt
= pNin − p

N
out

ṗNin = k. (2)

Therefore, the modified DC-link model (2) can be used for
the nonlinear observer design presented in the next step.

III. ADVANCED DC-LINK DECOUPLING TECHNIQUE
The most critical aspect in minimizing the DC-link voltage
fluctuation lies in rapid estimation of the input power. There-
fore, details of the proposed nonlinear observer are first intro-
duced in this section with detailed observer design, parameter
selection, performance, and stability analysis. Then the pro-
posed control algorithm is developed based on this nonlinear
observer.

A. DESIGN OF THE PROPOSED NONLINEAR OBSERVER
Based on DC-link model (2), a modified state-space DC-link
model specifically for the power transient period is pre-
sented below as (3) for the design of the proposed nonlin-
ear DC-link voltage control algorithm. Here, the nonlinear
observer is built under the worst-case scenario that the input
power is changed at its maximum rate k = kmax . In other
words, if the DC-link voltage fluctuation can be maintained
within a desired value under the worst-case scenario, any
other operation will result in better performance with smaller
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voltage fluctuation.

ẋ = Ax + Bu+ Kk
y = Cx (3)

where x =
[
x1 x2

]
=
[
V 2
dc pNin

]
, y is the system output,

u = pNout is the control input,

A =

 0
2
Cs

0 0

 , B =
[
−

2
Cs
0

]
,

C =
[
1 0

]
, Kk =

[
0

kmax

]
.

Therefore, the proposed nonlinear power observer can be
built based on the state-space model (3) and is formulated
as (4):

˙̂x = Ax̂ + Bu+

−h1√∣∣ŷ− y∣∣ ∗ sgn(ŷ− y)
−h2

√∣∣ŷ− y∣∣ ∗ sgn(ŷ− y)


ŷ = Cx̂ (4)

where x̂ is the estimated value of state x, ŷ is the estimated
value of output y, h1 and h2 are the gains of the nonlinear
observer with h1 > 0 and h2 > 0.
By subtracting (3) into (4) and replacing output y with Cx,

the error model of the nonlinear observer is obtained in (5)
for stability analysis:

ė1 = −h1 |e1|
1
2 sgn (e1)+

2
Cs
e2

ė2 = −kmax − h2 |e1|
1
2 sgn (e1) (5)

where e1 = x̂1 − x1 and e2 = x̂2 − x2 are the errors between
estimated state and actual state, respectively.

Considering the fact that the nonlinear observer is built
under rapid input power variations, the steady-state operation
does not exist during these operation conditions. Therefore,
the stability analysis of the proposed observer mainly focuses
on transient stability. In order to verify the transient stability
of the proposed nonlinear observer as well as to develop
general rules in selection of the observer gains h1 and h2,
a general Lyapunov function is proposed in (6):

V (e1, e2) = ae21 − be1e2 + ce
2
2 (6)

where a, b and c are the parameters of the general Lyapunov
function which are selected based on certain rules and will be
explained further in this paper.

According to Lyapunov stability theory, the proposed
observer is stable when there exists a positive definite Lya-
punov function while its derivative is a negative semi-definite
function. The Lyapunov function in (6) can be transform
into (7) for detail analysis:

V (e1, e2) = ae21 − be1e2 + ce
2
2

= a(e21 − 2
b
2a
e1e2 + (

b
2a
e2)

2
)−

b2

4a
e22 + ce

2
2

= a(e1 −
b
2a
e2)

2
+

(
c−

b2

4a

)
e22 (7)

In order to obtain a positive definite of the Lyapunov
function V (e1, e2), following rules must be fulfilled:

(RULE1)a > 0

(RULE2)c >
b2

4a
> 0

There exist reasonable parameters a, b and c to guarantee
a positive definite Lyapunov function V (e1, e2).
Meanwhile, the negative semi-definite property of the

derivative of the Lyapunov function V̇ (e1, e2) also needs to
be fulfilled. The partial derivative of the Lyapunov function
is presented in (8):

∂V
∂e1
= 2ae1 − be2

∂V
∂e2
= −be1 + 2ce2 (8)

Therefore, the derivative of the Lyapunov function
V̇ (e1, e2) can be obtained in (9), as shown at the bottom of
the page.

In order to simplify the analysis of (9), assumptions are
made in (10):

X = 2ah1 − bh2

Y =
(
4a
Cs
|e1|

1
2 − 2ch2 + bh1

)
|e1|−

1
4

Z =
4b
Cs

(10)

V̇ (e1, e2) =
∂V
∂e1

ė1 +
∂V
∂e2

ė2

= (2ae1 − be2)
(
−h1 |e1|

1
2 sgn(e1)+

2
Cs
e2

)
+ (−be1 + 2ce2)

(
−kmax − h2 |e1|

1
2 sgn (e1)

)
= −2ah1 |e1|

3
2 + bh1 |e1|

1
2 e2sgn (e1)+

4a
Cs
e1e2−

4b
Cs
e22 + bh2 |e1|

3
2 − 2ch2 |e1|

1
2 e2sgn (e1)− kmax (−be1 + 2ce2)

= − (2ah1 − bh2) |e1|
3
2 +

[(
4a
Cs
|e1|

1
2 − 2ch2 + bh1

)
|e1|−

1
4

]
|e1|

3
4 e2sgn (e1)−

4b
Cs
e22 − kmax(−be1 + 2ce2) (9)

148412 VOLUME 9, 2021



G. Song et al.: Advanced Decoupling Techniques for Grid-Connected Inverters With Multiple Inputs

By substituting (10) into (9), the equation for derivative of
the Lyapunov function V̇ (e1, e2) can be rewritten as (11):

V̇ (e1, e2) = −X |e1|
3
2 + Y |e1|

3
4 e2sgn (e1)

−Ze22 − kmax (−be1 + 2ce2)

= −X
(
|e1|

3
4

)2
+ Y |e1|

3
4 e2sgn (e1)

−Ze22 − kmax (−be1 + 2ce2)

= −

[
X
(
|e1|

3
4

)2
− Y |e1|

3
4 e2sgn (e1)+ Ze22

]
−kmax (−be1 + 2ce2)

= V1 − V2 (11)

where

V1 = −
[
X
(
|e1|

3
4

)2
− Y |e1|

3
4 e2sgn (e1)+ Ze22

]
is a quadratic function with respect to |e1|

3
4 sgn(e1) and e2

while V2 = (−bkmaxe1 + 2ckmaxe2) is a plane function with
respect to e1 and e2.
In order to obtain a negative semidefinite of V̇ (e1, e2), the

quadratic functionV1 must be designed to be negative definite
in the first place. Therefore, the V1 can be further expressed
as (12):

V1 = −
[
X
(
|e1|

3
4

)2
− Y |e1|

3
4 e2sgn (e1)+ Ze22

]
= −{X

[(
|e1|

3
4

)2
− 2

Y
2X
|e1|

3
4 e2sgn (e1)+

Y 2

4X2 (e2)2
]

−
Y 2

4X
(e2)

2

+ Z (e2)2}

= −

[
X
(
|e1|

3
4 −

Y
2X

e2

)2

+

(
Z −

Y 2

4X

)
(e2)2

]
(12)

In (12), the
(
|e1|

3
4 −

Y
2X e2

)2
term is a positive

semi-definite function and (e2)2 is a positive semi-definite
function. Therefore, in order to guarantee V1 to be a negative
semi-definite function, following rules of X , Y and Z must be
followed:

(RULE3)X > 0

(RULE4)Z >
Y 2

4X
> 0

Following relationship in selecting parameters a, b, c, h1
and h2 can be obtained by RULE 3 and RULE 4:
From RULE 3:

• X > 0→ 2 ah1 − bh2 > 0→ 2 ah1 > bh2
From RULE4:

• Z > 0→ 4b
Cs

> 0→ b > 0
• 4XZ > Y 2

In order to obtain the parameter relationship in 4XZ >

Y 2, Equation (13) is obtained by substituting (10) into an

inequality of 4XZ > Y 2:

4 (2ah1 − bh2)
4b
Cs

>

[(
4a
Cs
|e1|

1
2 − 2ch2 + bh1

)
|e1|−

1
4

]2
(13)

By rearranging (14), a new expression is presented in (14):

2

√
(2ah1 − bh2)

4b
Cs
|e1|

1
4 >

4a
Cs
|e1|

1
2 − 2ch2 + bh1 (14)

Here, another assumption is made to simplify the analysis,
as shown in (15):

U =
4a
Cs

V = 2

√
(2ah1 − bh2)

4b
Cs

W = −2ch2 + bh1
enew = |e1|

1
4 (15)

Substituting (15) into (14), the expression can be written
using a new state enew shown as (16):

Venew > U (enew)2 +W (16)

Since U = 4a
Cs

> 0, the expression U (enew)2−Venew+W
is a quadratic function going upwards. In order to make sure
that there exist some meaningful areas that satisfy V1 < 0,
the vertex of the quadratic function must be smaller than
zero so that the U (enew)2 − Venew +W has negative values.
Additionally, in order to maximize the system stable region,
the vertex of the quadratic function U (enew)2 − Venew + W
is designed to be far less than 0. Considering the fact that
for a practical power converter system, errors e1, e2 and enew
must be bounded due to system voltage and power limit, there
exist meaningful parameters U , V and W that guarantees
U (enew)2 − Venew + W < 0. The vertex of the quadratic
function (16) is related to 4UW − V 2 and is designed to be
much smaller than 0. Thus, (17) can be obtained by substi-
tuting (15) into an inequality of 4UW − V 2 so that Rule 5 is
obtained.

4UW − V 2
� 0

→ 4 (2ah1 − bh2)
4b
Cs
− 4

4a
Cs

(−2ch2 + bh1)� 0

→ a(bh1 + 2ch2)� b2h2 (17)

(RULE5)a(bh1 + 2ch2)� b2h2

Therefore, by following RULEs 1∼5, reasonable param-
eters a, b, c, h1 and h2 can be selected for the proposed
nonlinear observer.

B. STABILITY OF THE PROPOSED NONLINEAR OBSERVER
Based on the observer parameters a, b, c, h1 and h2 which
are selected following RULE 1-5, the stability of the pro-
posed nonlinear observer can be determined by the Lyapunov
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stability theory. Here, the positive definite of the Lyapunov
function (6) is fulfilled based on RULE 1-2. The proposed
nonlinear observer can be determined to be stable if and only
if the derivative of the Lyapunov function is a negative semi-
definite function. Based on (9)-(11), the polarity of V̇ (e1, e2)
can then be determined by the position relationship of the
quadratic function V1 and the plane function V2 with given
observer parameters a, b, c, h1, h2. The position relationship
of both V1 and V2 with respect to e1 and e2 is shown in
Fig. 2, where Fig. 2(a) presents the position relation of V1
and V2 during steady-state operation (k = 0) and Fig. 2(b)
presents the position relation of V1 and V2 during an input
power transience (k > 0).

FIGURE 2. Position relationship of function V1 and V2. (a) during
steady-state operation k = 0. (b) during input power transience k > 0.

As illustrated in (11) and (12), for given parameters of
a, b, c, h1 and h2, the quadratic function V1 is negative
semi-definite with the largest value of 0. Meanwhile, the
plane function V2 has a slope k . As presented in Fig. 2(a),
during steady-state operations where k = 0, the function
V̇ (e1, e2) ≤ 0 is always satisfied since the position of the
function V1 is always below the position of the function V2,
and the nonlinear observer is globally stable which has a posi-
tive definite Lyapunov function and its derivative is a negative
semi-definite function (V (e1, e2) > 0, V̇ (e1, e2) ≤ 0) for
any e1 and e2. However, during input power transients where
k 6= 0, there exists an intersection area, which is represented
by the green circle in Fig. 2(b). The green intersection line

of V1 and V2 represents the area where V1= V 2. In other
word, function V̇ (e1, e2) = 0. The area outside the intersec-
tion region is the area where V1< V 2 which means function
V̇ (e1, e2) = V1 − V2 < 0. According to the Lyapunov
stability theory, the proposed nonlinear observer is stable
in this area (V (e1, e2) > 0, V̇ (e1, e2) < 0). Meanwhile,
the area inside the intersection line, where V1> V 2, is the
part that does not satisfied the negative definite condition
(V̇ (e1, e2) > 0), which means that the proposed observer
would not be stable within this region. Even though there
exists an area that does not satisfy the Lyapunov stability
condition around the origin, the nonlinear observer is still
determined to be stable globally according to the Lyapunov
stability theory. The state errors e1 and e2 would converge to
this intersection line in the neighborhood of the origin instead
of converging to the origin. However, this convergence phe-
nomenon may lead to estimation oscillations in practices,
which may require further modifications. Meanwhile, based
on mathematical analysis, the larger the parameters h1 and
h2 are selected, the smaller this unstable neighborhood is.
Thus, for the propose nonlinear observer design for a practical
power conversion system, reasonable large gains h1 and h2
can be selected to achieve a desire observer performance and
to minimize the unstable region and estimation oscillations.

C. PROPOSED NONLINEAR CONTROL ALGORITHM
The proposed nonlinear power decoupling control algorithm
is obtained by combining the proposed nonlinear power
observer with a conventional PI controller. The block dia-
gram of the proposed control method is presented in Fig. 3,
where Vdcref represents the DC-link voltage reference, iqref
is the calculated reference for the q-axis current, Kcon is a
parameter-dependent gain of the control system, Ls represents
the nominal inductance of the grid-side filter, Vq and iq rep-
resent the q-axis grid voltage and current in the d-q rotating
reference frame, uout is the generated system control output, s
is the integral operator, Rs is the grid filter resistance which is
usually very small and can be neglected, p̂Nin is the estimated
input power from the proposed nonlinear observer and icomp
represents the feedforward compensation current generated
by the proposed observer. As discussed in [39], [40], the
DC-link voltage control can be aligned with either d-axis or
q-axis depending on the phase angle used for Park’s trans-
formation during controller design. In this paper, the DC-link
voltage control is aligned with q-axis. Meanwhile the reactive
power control is aligned with d-axis and is neglected when a
unity power factor is applied. The mathematical process of
proposed nonlinear observer is shown in Fig. 4.

As shown in Fig. 4, system output y [K ] = V 2
dc[K ] and

system control input u [K ] = pNout [K ] are first obtained
through calculations of the measured DC-link voltage, grid
voltage and current in the Kth interval. Meanwhile, estimated
variables ŷ[K−1], x̂1[K−1] and x̂2[K−1] are obtained from
the calculations in (K-1)th interval. And the error variable
e[K ] can then be processed with e [K ] = ŷ [K − 1] − y[K ].
The estimated values x̂1[K ] and x̂2[K ] at the kth interval
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FIGURE 3. Block diagram of the proposed nonlinear control algorithm.

FIGURE 4. Detailed calculation of the estimated DC-link input power.

are calculated by integrating all variables e [K ], x̂1[K − 1],
x̂2[K−1] and u [K ] into the discrete-time equation of Eq. (4).
Therefore, the estimated input power p̂Nin[K ] can be calculated
from p̂Nin [K ] = x̂2 [K ] through Eq. (4). Here, 1T is the time
duration between two adjacent estimation intervals.

Then, in order to analyze the performance of the proposed
controller, simplifications are made on the block diagram
based on following assumptions: 1. The inner q-axis current
loop is usually designed to have very fast transient perfor-
mance and is assumed to be ideal with a unity gain when
investigating the performance of the slow voltage control

loop; and 2. A nonlinear function
p̂Nin
pNin
= f (z) is used to

represent the behavior of the proposed nonlinear observer.
The simplified block diagram can be obtained in Fig. 5 where
the inner current control loop is represented by a unit block.

By rearranging the blocks in Fig. 5, the block diagrams
for reference tracking and for disturbance rejection can be
obtained in Fig. 6 where Fig. 6(a) represents the behavior of
the proposed algorithm in tracking DC-link voltage reference

FIGURE 5. Simplified block diagram of the proposed nonlinear control
algorithm.

FIGURE 6. Rearranged block diagram of the proposed nonlinear control
algorithm. (a) Block diagram for reference tracking. (b) Block diagram for
disturbance rejection.

while Fig. 6(b) illustrates the performance of the proposed
method under rapid input power variations.

As illustrated in Fig. 6(a), the proposed nonlinear observer
does not affect the performancewhen tracking a given voltage
reference since it is irrelevant to this block diagram. The
performance and the stability criteria of the proposed algo-
rithm in reference tracking relies on the voltage PI controller.
Meanwhile, the proposed observer is capable of minimiz-
ing DC-link voltage fluctuations when analyzing disturbance
rejection, as shown in Fig. 6(b). The disturbance pNin is sent
through a prefilter (1 − f (z)) before being processed in
the voltage loop. And the faster the nonlinear observer is
designed f (z) → 1, the smaller the impact of pNin on the
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DC-link voltage. Here, the stability criteria of the disturbance
rejection block diagram are determined by both the nonlinear
observer and the voltage PI controller.

IV. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify the effectiveness of the proposed nonlinear
DC-link voltage control and the improvement over other volt-
age control methods, results from both simulation on a MAT-
LAB/SIMULINK platform and experimental tests through a
prototype DER power conversion system are discussed in this
section by comparing the performance of the proposed non-
linear controller with an observer-based controller presented
in [33] as a reference method. The system parameters for
both the MATLAB/SIMULINK-based simulation platform
and the experiment prototype are summarized in Table 1.

TABLE 1. Parameters for hybrid DER power inverter.

Remark 1: The proposed nonlinear observer is built based
on an assumption that in a practical power converter applica-
tion, the changing rate of the input power is bounded with a
maximum value of k . Therefore, a ramp function, instead of a
step function, is used on the simulation platform to simulate
input power changes.
Remark 2: The PI parameters in both the proposed method

and the reference method are selected to be identical and are
tuned to meet the standardized regulations for the harmon-
ics content in the DER power converter during steady-state
operations.
Remark 3:Considering the fact that the use of sign function

sgn(e) in the proposed method will results in steady-state
control chattering and high current THD issues. A saturation
function sat(e) is used in the proposed method for both
simulation and experimental tests to achieve an improvement
of the steady-state performance of the proposed controller.

A. SIMULATION RESULTS
The simulation verification of the proposed nonlinear
DC-link control algorithm is obtained by comparing the
DC-link performance of the proposed method with a refer-
encemethod presented by [33] during input power transience.
The performance of the proposed nonlinear observer and the
controller is shown in Fig. 7 where there exists an input power
ramp up from 2kW to 6kW at 0.1s and an input power ramp

TABLE 2. Summary of the simulation results.

down from 6kW to 2kW at 0.2s. And the performance of both
control methods is summarized in Table 2.

As illustrated in Fig. 7(a), both the proposed method and
the reference method are tuned with an almost identical
DC-link voltage performance with a voltage variation of
about 6V during input power step up change from 2kW to
6kW and during input power step down change from 6kW
to 2kW, a settling time of 50ms and a steady-state voltage
oscillation with a magnitude of less than 1V. With use of
the saturation function of in proposed nonlinear observer and
better parameters tuning of reference observer, both observers
have achieved similar transient performance, as shown in
Fig. 7(b), (c), with fast input power estimation of 10ms. How-
ever, when looking into the detailed performance of both
methods, the proposed method has better steady-state perfor-
mance with an estimation oscillation of 100W compared to
180W of reference observer, as presented in Fig. 7(d). Mean-
while, the inverter output active-reactive power performance
of both method is shown in Fig. 7(e) where the proposed
method has better performance with smaller active power
overshoot and reactive power oscillation. Moreover, the grid
current analysis in Fig. 7(f)-(h) reveals that the proposed
method also has better current performance with smaller
current THD of 2.84% compared to the reference method
with 3.44%. In general, even though both methods have
shown similar DC-link voltage performance, the proposed
method has better power estimation compared to the refer-
ence method, which results in a better steady-state control
performance with smaller current THD under an ideal grid
condition.

B. EXPERIMENTAL RESULTS
The experiment validations have been carried out on a pro-
totype DER power conversion system under practical grid
conditions, as shown in Fig. 8, where Zone A is the DSP
TMS320F28335 core control circuit; Zone B is the DC-link
and three-phase grid-side inverter; and Zone C is the DER-
side converters. Similar to the simulation verification, the per-
formance of the investigated proposed method is compared
to a reference method presented by [33]. Note: all the wave-
forms of the experimental results in Fig. 9-11 are captured
by a HIOKI 8860-50 Memory Hicorder and are replotted in
MATLAB. Two simulated DER are used as input sources
to the experimental prototype: 1. An adjustable three-phase
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FIGURE 7. Simulation results of the proposed method compared with the
reference method. (a) DC-link voltage performance comparison during
input power changes. (b) Performance comparison of the input power
estimation. (c) Zoomed view of the estimation during input power
changes. (d) Zoomed view of the estimation during steady states.
(e) Inverter output active-reactive power performance. (f) Grid current
performance comparison during input power changes. (g) Measured grid
current THD of proposed method. (h) Measured grid current THD of
reference method.

FIGURE 7. (Continued.) Simulation results of the proposed method
compared with the reference method. (a) DC-link voltage performance
comparison during input power changes. (b) Performance comparison of
the input power estimation. (c) Zoomed view of the estimation during
input power changes. (d) Zoomed view of the estimation during steady
states. (e) Inverter output active-reactive power performance. (f) Grid
current performance comparison during input power changes.
(g) Measured grid current THD of proposed method. (h) Measured grid
current THD of reference method.

voltage source which simulates a permanent magnet syn-
chronous generator (PMSG) of a small-scale wind generation
system. And 2. AChroma 62000H programmable PV simula-
tor which simulates the characteristic of PV panels. Both sim-
ulated sources are controlled by the DER-side converters for
power extraction. Here, the PV is maintained with a constant
power output while the voltage source has been controlled
with step changes simulating sudden input power variation to
the DC-link.

Considering the fact that the grid voltage will heavily affect
performance of the output current particularly on current
harmonics, the voltage waveform and its spectrum analysis
are first presented in Fig. 9 for demonstrating practical limi-
tations due to laboratory three-phase grid voltage distortion in
experimental verification. Then experimental results of both
the proposed method and reference method are presented in
Fig. 10 and Fig. 11 where power changes are designed to have
an input power ramp up from 2kW to 6kW and a power ramp
down from 6kW to 2kW in experimental tests. Here, both
methods are tuned with an almost identical DC-link voltage
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FIGURE 8. Prototype DER power conversion system.

FIGURE 9. Grid voltage characteristics. (a) Waveform of grid line voltage.
(b) Grid line voltage spectrum.

TABLE 3. Summary of the experimental results.

variation of 20V during power step changes for performance
comparison.

In order to demonstrate the improvement of the proposed
method over the reference method, a summary of control
performance based on experimental results is presented in
Table 3.

FIGURE 10. Experimental results of the proposed method. (a) DC-link
voltage and grid current performance during input power ramp up.
(b) DC-link and grid current performance during input power ramp down.
(c) Grid current THD analysis.

As illustrated in Table 3, both control methods have almost
identical DC-link voltage variations of 20V during a 4kW
input power step up change. However, the proposed method
has a faster settling time of 20ms, smaller grid current THD
of 3.98% and similar steady-state voltage fluctuations of 11V,
comparedwith 50ms settling time, current THD of 4.64% and
10V DC-link voltage steady-state fluctuation of the reference
method, respectively. Meanwhile, as presented in Fig. 10(b)
and Fig. 11(b), the proposed method not only has a better
steady-state performance of faster settling time, smaller cur-
rent THD, etc., but also has a smaller DC-link voltage varia-
tion of 23V during this 4kW input power step down change
compared to a 30V voltage variation of reference method.
However, even though the proposed method has shown better
THD performance, it has shown some DC and even harmon-
ics concerns as presented in Fig. 10(c). Although these har-
monics are mainly caused by the grid voltage distortion, it is
still required to determine whether current distortions have
followed grid standards. According to IEEE 1547-2018, the
inverter output current has individual harmonics requirement
with Total Rated-current Distortion (TRD) limitation which
has a different TRD calculation equation compared to the
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FIGURE 11. Experimental results of the reference method. (a) DC-link
voltage and grid current performance during input power ramp up.
(b) DC-link and grid current performance during input power ramp down.
(c) Grid current THD analysis.

THD equation used in Fig. 10(c) in MATLAB. After per-
forming TRD-THD conversion, we can conclude that these
current distortions of each individual harmonics are within
the TRD requirement in IEEE 1547-2018 for grid-connected
operation.

Therefore, based on experimental results, it is clear that the
proposed nonlinear DC-link voltage control method has a sig-
nificant improvement on the DC-link transient performance
over the reference method under practical grid conditions
with rapid input power changes. And the proposed method
has followed grid interconnection standard for practical
applications.

V. CONCLUSION
In DER power conversion system applications, fast DC-link
voltage regulation is necessary so that the grid-side inverter
and the DER-side converter can be fully decoupled. More-
over, by maintaining a constant DC-link voltage, good
transient and steady-state performance can be achieved.
In this paper, a novel nonlinear control algorithm is pro-
posed to perform rapid power estimation as well as to
minimize the DC-link voltage fluctuation for DER power

conversion systems. Compared with other typical controllers
in recent literature, improvements in transient performance
of the proposed nonlinear method have been verified in both
simulations on a MATLAB/SIMULINK platform and exper-
iments on a prototype DER power conversion system. The
proposed nonlinear control method offers a faster DC-link
voltage regulation capability and better performance during
rapid power transience.
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