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Fault Ride-Through Enhancement for Grid-Tied
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Abstract—In this paper, a new control structure is pro-
posed for grid-tied photovoltaic (PV) systems where the dc
bus voltage is regulated by the dc/dc converter controller,
whereas the maximum power point tracking (MPPT) func-
tion and the power flow control are embedded into the dc/ac
converter controller. A PV voltage-regulation is designed to
build the linkage between MPPT function and power flow
control. In this way, the dc/dc converter controller and the
dc/ac converter controller are decoupled, which naturally
provides the dc bus voltage protection. In particular, an
uncertainty and disturbance estimator (UDE)-based
current-mode controller (CMC) is proposed for accurate
voltage regulation of the dc/dc converter. And a bounded-
voltage power flow control strategy is proposed for the
dc/ac converter to improve the existing UDE-based robust
power flow control for ac voltage protection. The effective-
ness of the proposed method is experimentally validated
in a lab-environment grid-tied PV system platform with
the fault ride-through capabilities. In addition, simulation
studies are also provided to demonstrate the need of the PV
voltage-regulation between MPPT and power flow control,
and the advantages of the bounded-voltage design in the
power flow control.

Index Terms—Bounded-voltage power flow control, dc
bus voltage protection, fault ride-through, grid-tied photo-
voltaic (PV) systems, uncertainty and disturbance estimator
(UDE).

I. INTRODUCTION

SOLAR energy is very promising in future energy industry.
One of the solar technologies, the photovoltaic (PV), can

directly convert sunlight into electricity based on one or two
layers of semiconducting materials. Since the sunlight is vari-
able, and the output power of a PV source depends on the load
condition, power electronic converters are essential for convert-
ing the dc power generated by PV sources into ac electrical grid
with maximum power point tracking (MPPT) strategies [1]. In
some previous works [2]–[4], the PV source is often used for
battery charging or other dc applications. With the growing of
solar industry, the grid integration of PV energy becomes pop-
ular [5]–[8]. In addition, most research for solar system focuses
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on increasing the efficiency of the PV source with MPPT algo-
rithms, e.g., in [9]–[11].

A typical topology for grid-tied PV systems has two pro-
cessing stages through a dc/dc converter and a dc/ac converter,
respectively, [1]. The dc/dc converter, usually a boost converter,
converts the dc power with variable dc voltage of the PV source
into a constant voltage dc bus [6], [7], [12], [13]. Then, the dc/ac
converter converts the dc power of dc bus into the ac electrical
grid. For the control of two processing stages for grid-tied PV
systems, the MPPT function is usually embedded into the con-
trol of the dc/dc converter, and the dc bus voltage is regulated
by the dc/ac converter in most literature, e.g., in [5]–[8]. The
proportional-integral (PI) controller is usually adopted for the
dc bus voltage regulation to generate a current reference or a
power reference, then a current controller or a power controller
is adopted for the dc/ac converter with ac grid integration. In
this case, the dc bus voltage will increase due to the continuous
operation of the dc/dc converter with the MPPT function when
the faults happen in the dc/ac converter or grid side. Then, the
power electronic devices might be broken down due to high dc
bus voltage, as well as the PV sources. Though, a dc bus voltage
protection unit is designed in most cases, the protection perfor-
mance is limited by the response time and the designed voltage
tolerance.

Since the duty cycle of the dc/dc converter is directly regu-
lated by the MPPT algorithm and the dc bus voltage is regulated
by dc/ac converter side, no robustness for the dc/dc converter
control is introduced into grid-tied PV systems. And only the
averaged relationship between input voltage and output volt-
age of the dc/dc converter is considered in previous controls of
grid-tied PV systems, e.g., in [4], [8], [9], [14], however, the
dc/dc boost converters are highly nonlinear [15], [16], discon-
tinuous in time [15], and variable structure systems [15], also
exhibit the nonminimum phase phenomenon [16], [17]. Another
important issue for grid-tied PV systems is keeping the output
voltage of the dc/ac converter within the given range for ac volt-
age protection, particularity, in the operation of islanded mode
microgrid/smart grid [18]. Adding a saturation unit is a common
way to maintain the given bound for the output voltage of the
dc/ac converter, however, which often leads to instability and
undesired oscillations due to the integrator windup [19], [20].

Different from most existing works [5]–[8], in this paper, a
new control structure is proposed for grid-tied PV systems where
the dc bus voltage is controlled by the dc/dc converter controller,
whereas the MPPT function and the power flow control are em-
bedded into the dc/ac converter controller. This naturally decou-
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ples the dc/dc converter controller and the dc/ac converter con-
troller, thus provides the dc bus voltage protection with enhanced
fault ride-through performance on dc side, even in the fault con-
ditions of the dc/ac converter or grid side. It is worth noting that
the similar idea of the dc bus voltage regulated by generator
side converter instead of grid side converter is already proposed
for wind turbine control with the dc bus voltage protection [21],
[22]. However, unlike the wind turbine control, MPPT func-
tion, particularly, perturbation-based MPPT algorithms, cannot
be directly embedded with the power flow control of the dc/ac
converter for grid-tied PV systems due to the low inertia of
the PV system. An intermediate loop of PV voltage-regulation
is proposed to build the linkage between MPPT function and
power flow control for the dc/ac converter controller.

Furthermore, a new voltage dynamics is proposed for the
dc/dc boost converter to avoid the nonminimum phase phe-
nomenon existing in the nominal voltage dynamics. An un-
certainty and disturbance estimator (UDE)-based current-mode
controller (CMC) is proposed for the dc/dc boost converter, fol-
lowing the UDE design procedure [23] and the CMC design
[24], [25]. The UDE-based method is adopted in both voltage-
loop and current-loop to deal with model uncertainties, external
disturbances, and estimation error of the inductor current to
achieve the robust dc bus voltage regulation. For the dc/ac con-
verter controller, inspired by the bounded integral controller in
[20], a bounded-voltage power flow control strategy is proposed
based on the existing UDE-based robust power flow control [26].
With the introduction of bounded-voltage design, the inverter
output voltage always keeps within the given range. Hence, it
can provide ac voltage protection in some fault modes, e.g., sen-
sor errors, enhance the fault ride-through capability on ac side,
and avoid the integrator windup caused by the saturation unit.
Apart from the bounded-voltage power flow control, a gradient-
based extremum seeking (ES) method [9], [27] is also adopted
to achieve the MPPT. The PV voltage is regulated by a PI con-
troller. The main contributions of this paper are highlighted as
follows.

1) A new control structure is proposed for grid-tied PV sys-
tems where the dc bus voltage is regulated by the dc/dc
converter controller, whereas the MPPT function and the
power flow control are embedded into the dc/ac converter
controller for dc bus voltage protection. An intermediate
loop of PV voltage-regulation is designed to build the
linkage between MPPT function and power flow control
for the dc/ac converter controller.

2) A new voltage dynamics is developed for the dc/dc boost
converter to avoid the nonminimum phase phenomenon
existing in the nominal voltage dynamics. An UDE-based
CMC is developed for the dc/dc boost converter with the
robust dc bus voltage regulation.

3) A bounded-voltage power flow control strategy is pro-
posed for the dc/ac converter to improve the existing
UDE-based robust power flow control [26] for ac voltage
protection.

4) The fault ride-through performance of the system is en-
hanced by both dc bus voltage protection and ac voltage
protection.

Fig. 1. System description of a grid-tied PV system with new control
structure.

The effectiveness of the proposed control method is demon-
strated through both experimental and simulation studies.

II. SYSTEM DESCRIPTION AND MODELING

A. System Description

A typical grid-tied PV system, as shown in Fig. 1, consists of
a PV source, a dc/dc boost converter converting dc power with
variable dc voltage of the PV source into a constant voltage dc
bus, and a dc/ac converter feeding the dc power of the dc bus
into an ac grid. Two dc bus capacitors Cpv and Cdc are used
to smooth the output voltage of the PV source and the dc bus
voltage, respectively.

In this paper, a new control structure for grid-tied PV systems
will be investigated, which includes a dc/dc converter controller
and a dc/ac converter controller as shown in Fig. 1. In the dc/dc
converter controller, the dc bus voltage regulation is achieved,
which converts dc power from PV source into the dc bus. The
dc/ac converter controller includes a MPPT unit, a PV voltage-
regulation unit, a bounded-voltage power flow control unit, and
a power calculation unit to calculate system real power output
P and reactive power output Q based on both output voltage
ug and output current ig . The MPPT is used to maximize the
system real power output P . The bounded-voltage power flow
control converts the dc power from the dc bus to the ac grid
with accurate power regulation. The PV voltage-regulation is
designed to build the linkage between the MPPT function and
the bounded-voltage power flow control.

Different from most existing works where the MPPT func-
tion is embedded into the dc/dc converter controller and dc bus
voltage is regulated by the dc/ac converter controller, e.g., in
[5]–[8], in this new control structure shown in Fig. 1, the MPPT
function is embedded into the dc/ac converter controller, and the
dc bus voltage is regulated by the dc/dc converter controller. In
this way, the dc/dc converter controller and the dc/ac converter
controller are decoupled. The dc bus voltage can always be reg-
ulated, even in the fault conditions from the dc/ac converter or
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Fig. 2. Characteristics of PV source at T = 25 ◦C and different so-
lar irradiation conditions. (a) Current-voltage curve. (b) Power–voltage
curve.

Fig. 3. DC/DC boost converter.

grid side, thus the fault ride-through performance on dc side is
enhanced. The bounded-voltage power flow control can effec-
tively regulate the inverter output voltage, which provides ac
voltage protection and further improves the fault ride-through
capability on ac side.

B. Modeling of PV Source

A PV source/panel usually consists of several PV cells, and a
popular five-parameter model for a PV cell can be found in [28]
and [29]. According to this model, the fitting current–voltage
and power–voltage curves for a solar panel, RENOGY RNG-
50P [30], which is adopted for experimental validation in this
paper, are shown in Fig. 2 at the temperature T = 25 ◦C.

C. Modeling of DC/DC Boost Converter

Assume that the dc/dc boost converter shown in Fig. 3 sup-
plies a load Rv representing the dc/ac converter, then its dynam-
ics can be modeled as

V̇dc = − 1
RvCdc

Vdc +
1

Cdc
iL − 1

Cdc
iLu (1)

i̇L = − 1
L

Vdc +
1
L

Vdcu +
Vpv

L
(2)

where Vpv is the input voltage of the dc/dc boost converter,
which is also the output voltage of the PV source, Vdc is the
output voltage of the dc/dc converter, which is also the input
voltage of the dc/ac converter, iL is the inductor current and
L is the inductance of the inductor, and u is the duty cycle of
pulse width modulation (PWM) control signal Su for power
electronic device within the range of 0–100%. For this dc/dc
boost converter, the averaged relationship between the input
voltage Vpv and output voltage Vdc is given as Vdc = Vpv

1−u , which
indicates the output voltage Vdc has a positive correlation with
the system input u. However, the term − 1

Cd c
iLu in voltage

dynamics (1) has an inverse response with 1
Cd c

iL > 0. This is
also called the nonminimum phase phenomenon [24], [31]. So,

Fig. 4. DC/AC converter.

the voltage dynamics (1) is usually not directly used for the
controller design, and even omitted.

D. Modeling of DC/AC Converter

The equations of power delivery from the dc/ac converter to
the grid, shown in Fig. 4, can be obtained as [1]

P =

(
EUg

Z
cos δ − U 2

g

Z

)
cos θ +

EUg

Z
sin δ sin θ (3)

Q =

(
EUg

Z
cos δ − U 2

g

Z

)
sin θ − EUg

Z
sin δ cos θ (4)

where δ is the phase lead between output voltage of inverter
bridge E∠δ and ac grid Ug∠0◦, often called the power angle.
The grid voltage ug is used as the reference, so its initial angle
is defined as zero. The output impedance Z∠θ is defined as
Z∠θ = Rg + Xgj, where Xgj is mostly dominated by Lg , as
the output capacitor Cg is usually very small.

Following the procedures of obtaining the dynamics of
power delivering in [26], taking derivatives of both (3) and (4)
results in

Ṗ =
EUg

Z
δ̇ + �p (5)

Q̇ =
Ug

Z
Ė + �q (6)

where

�p =
EUg δ̇

Z
(cos δ sin θ − 1) − EUg δ̇

Z
sin δ cos θ

+
UgĖ

Z
cos δ cos θ +

UgĖ

Z
sin δ sin θ

�q =
UgĖ

Z
(cos δ sin θ − 1) − UgĖ

Z
sin δ sin θ

−EUg δ̇

Z
cos δ cos θ − UgĖ

Z
sin δ cos θ

represent the lumped uncertain terms, including the uncertain-
ties, the nonlinearity, and the coupling effects of power angle δ
and output impedance Z∠θ.

III. DC/DC CONVERTER CONTROLLER DESIGN

In this section, the dc/dc converter controller with a dc bus
voltage regulation module, shown in Fig. 1, will be designed.
Because the inverse response or the nonminimum phase
phenomenon exist in the voltage dynamics of the dc/dc boost
converter, the voltage dynamics is redesigned to avoid this
phenomenon. Following the UDE procedure [23] and the CMC
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Fig. 5. Cascaded control scheme for the dc/dc converter controller.

design [24], [25], an UDE-based CMC is developed for the
dc/dc boost converter in grid-tied PV systems, as shown in
Fig. 5. Also, an inductor current estimation is adopted to avoid
the usage of current sensor.

A. Revised Dynamics of DC/DC Boost Converter

By setting V̇dc = 0 in (1) and i̇L = 0 in (2), a power balance
equation at steady state can be obtained as

V 2
dc = VpvRv iL (7)

where the input power VpviL is equal to the output power V 2
d c

Rv

without considering the losses of components and parasitics.
In practice, in order to filter the switching harmonics and other

high-frequency noises, a low-pass filter is commonly adopted
for voltage measurement. Following the similar method in [32]
with the choice of a first-order low-pass filter Gsv = 1

1+τs v s ,
where τsv is the time constant, the power balance equation (7)
can be rewritten as

V 2
dc = L−1

{
1

1 + τsv s

}
∗ (VpvRv iL )

where “∗” is the convolution operator, and L−1 means the in-
verse Laplace transformation. Then

V̇dc =
VpvRv

2τsvVdc
iL − Vdc

2τsv
. (8)

Considering the losses of components and parasitics in both
voltage dynamics (8) and current dynamics (2), the revised dy-
namics of the dc/dc boost converter can be rewritten as

V̇dc =
VpvRv

2τsvVdc
iL − Vdc

2τsv
+ �v (9)

i̇L = − 1
L

Vdc +
1
L

Vdcu +
Vpv

L
+ �i (10)

where �v and �i represent the uncertain terms, which include
the model uncertainties (e.g., the parasitics), and the effects of
the losses of components.

B. Controller Design

In this section, the UDE-based method embedded in the back-
stepping design framework [33] is adopted for the cascaded
voltage-loop and current-loop control designs to deal with model
uncertainties, external disturbances, and estimation error of the
inductor current.

1) Voltage-Loop Design: The control objective is to design
a virtual control input i∗L to make the output voltage Vdc asymp-
totically track the voltage reference V ∗

dc , as shown in Fig. 5. The
tracking error, ev = V ∗

dc − Vdc , should satisfy the error dynamic
equation

ėv = −kv ev (11)

where kv > 0 is a constant error feedback gain. Combining (9)
and (11), i∗L needs to satisfy

i∗L =
2τsvVdc

VpvRv

(
V̇ ∗

dc +
Vdc

2τsv
−�v + kv ev

)
. (12)

According to the voltage dynamics (9), the uncertainty term �v

can be represented as�v = V̇dc − VpvRv

2τs v Vd c
i∗L + Vd c

2τs v
. Following

the procedures in [23], �v can be estimated by

�̂v = L−1 {Gvf (s)} ∗ �v

= L−1 {Gvf (s)} ∗
(

V̇dc − VpvRv

2τsvVdc
i∗L +

Vdc

2τsv

)
(13)

where Gvf (s) is a strictly proper stable filter with the appropriate
bandwidth to cover the spectrum of �v . Replacing �v with �̂v

in (12), results in the UDE-based control law

i∗L =
V 2

dc

VpvRv
− 2τsvVdc

VpvRv

[
L−1

{
sGvf (s)

1 − Gvf (s)

}
∗ Vdc

−L−1
{

1
1 − Gvf (s)

}
∗ (V̇ ∗

dc + kv ev )
]
. (14)

Here, the load of the dc/dc converter Rv appears in the denom-

inator in (14), which can be calculated as, Rv = V 2
d c

Pd c
, where

Pdc is the output power of the dc/dc converter. When Pdc is
not measured in some cases, e.g., the experimental hardware
limitation in this paper, the output power of dc/ac converter P

can be used to approximately estimate Rv , i.e., R̂v = V 2
d c
P . How-

ever, the deviation between Rv and R̂v can be lumped into the
uncertain term �v and handled by this UDE-based control law
(14). When P is zero, it can be replaced with a small positive
number.

2) Current-Loop Design: With i∗L designed in the
Section III-B1, the control objective in this section is to ma-
nipulate the duty cycle u∗, such that the inductor current iL
tracks the reference signal i∗L , as shown in Fig. 5. The tracking
error ei = i∗L − iL still needs to satisfy

ėi = −kiei (15)

where ki > 0 is a constant error feedback gain. Combining (10)
and (15), and following the similar procedures in the previous
section, the UDE-based control law for the duty cycle u∗ can be
obtained as

u∗ = 1 − Vpv

Vdc
− L

Vdc

[
L−1

{
sGif (s)

1 − Gif (s)

}
∗ iL

−L−1
{

1
1 − Gif (s)

}
∗ (i̇∗L + kiei)

]
(16)

where Gif (s) is a strictly proper stable filter with the appropriate
bandwidth to cover the spectrum of uncertain term �i .
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It is worth noting that the UDE-based control laws (14) and
(16) include the derivative terms V̇ ∗

dc and i̇∗L , which can be
numerically approximated using the low pass filters [32].

C. Estimation of Inductor Current

In order to reduce system cost and provide system reliability,
the current estimation îL is usually adopted instead of direct
measurement of inductor current iL for the current-loop design.
To guarantee the convergence of the current estimation error, the
original current dynamics (10) is revised with an additional term
−RL

L iL from the inductor parasitics, with RL

L iL = �′
i −�i ,

then

i̇L = − 1
L

Vdc +
1
L

Vdcu
∗ +

Vpv

L
− RL

L
iL + �′

i (17)

where RL is the parasitics resistance and its nominal value can
be measured easily. With the known input voltage Vpv, output
voltage Vdc and the duty cycle u∗, the current estimation law is
designed as

˙̂iL = − 1
L

Vdc +
1
L

Vdcu
∗ +

Vpv

L
− RL

L
îL . (18)

The discrete form of this current estimation law can be found in
[34] and [35].

Defining the estimation error eoi = iL − îL , the error dynam-
ics of the current estimation is obtained as

ėoi = −RL

L
eoi + �′

i . (19)

Solving (19) results in

eoi(t) = eoi(0)e−ct +
�′

i

c
(1 − e−ct)

where c = RL

L > 0, and eoi(0) is the initial error. When t → ∞,

the estimation error eoi(t) is bounded by �′
i

c , in other words,

|eoi(∞)| <
maxt |�′

i |
c . Usually, this bound

maxt |�′
i |

c is small, as
�′

i is small and c is large in practice. In this cascaded control
system, as shown in Fig. 5, the error in current estimation will
be propagated to the calculation of the current reference i∗L in
steady state. However, the bounded error in i∗L can be lumped
into the uncertain term �v , and compensated by the UDE-
based controller (14) in the voltage-loop, thus the good voltage
tracking performance still can be achieved. This feature will be
experimentally demonstrated in Section V.

IV. DC/AC CONVERTER CONTROLLER DESIGN

As shown in Fig. 1, the dc/ac converter controller includes
three cascaded control modules: the MPPT, the PV voltage-
regulation, and the bounded-voltage power flow control. The
detailed control structure are shown in Fig. 6.

A. MPPT

The output power of the PV source is affected by the output
voltage Vpv given a constant solar irradiation level, as shown in
Fig. 2. In order to maximize the system real power output P , the
gradient-based ES algorithm [9], [27] is introduced to estimate

its gradient by injecting a small perturbation, asin(ω0t), on the
reference voltage of PV source V ∗

pv, as shown in Fig. 6. It is
required that the ES algorithm should work more slowly than
the whole PV system dynamics. A high-pass filter s

s+ωh
filters

the dc part of P . The multiplication of the resulting signal P − P
by sin(ω0t) creates an estimation of the gradient of P , which
is smoothed by a low-pass filter ωl

s+ωl
. When Vpv is smaller

(larger) than its optimal value, the estimation of the gradient ĝ is
positive (negative) and V ∗

pv increases (decreases), which drives
Vpv toward its optimal value. Thus, the maximum power output
P can be achieved. kes > 0 is a constant integral gain for ĝ.

B. PV Voltage-Regulation

In order to regulate the output voltage of PV source Vpv to its
reference V ∗

pv for MPPT, as shown in Fig. 6, a PI controller is
introduced to generate the real power reference P ∗

P ∗ = −Kppv(V ∗
pv − Vpv) − Kipv

∫
(V ∗

pv − Vpv)dt (20)

where, Kppv > 0 and Kipv > 0 are proportional gain and inte-
gral gain, respectively.

C. Bounded-Voltage Power Flow Control

In [26], an UDE-based robust power flow controller was pro-
posed based on the dynamics of power delivering dynamics (5)
and (6) for the dc/ac inverter, which is described by

δ̇ =
Z

EUg

[
L−1

{
1

1 − Gpf (s)

}
∗ (Ṗ ∗ + kpep)

−L−1
{

sGpf (s)
1 − Gpf (s)

}
∗ P

]
(21)

Ė =
Z

Ug

[
L−1

{
1

1 − Gqf (s)

}
∗ (Q̇∗ + kqeq )

−L−1
{

sGqf (s)
1 − Gqf (s)

}
∗ Q

]
(22)

where P ∗ is the real power reference from the PV voltage-
regulation loop, Q∗ is the reactive power reference; ep =
P ∗ − P , and eq = Q∗ − Q are power tracking errors; kp > 0
and kq > 0 are constant error feedback gains to achieve the er-
ror dynamics ėp = −kpep , and ėq = −kqeq . The UDE filters
Gpf (s) and Gqf (s) are strictly-proper stable filters with the ap-
propriate bandwidth for the estimation of the uncertain terms
�p in (5) and �q in (6). Though the robustness of the UDE-
based robust power flow controller is achieved in [26] in the
presence of model uncertainties and external disturbances, how
to guarantee the bounded output voltage of the inverter with ac
voltage protection has not been considered yet.

In this paper, an improved bounded-voltage power flow con-
trol, as shown in Fig. 6, will be redesigned to maintain the
inverter output voltage within the range of [−Emax , Emax].
Following the concept of bounded integral controller in [18]
and [20], the voltage regulation (22) is modified by adding a
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Fig. 6. Control scheme for the dc/ac converter controller.

bounded-voltage controller

Ėm = −k

(
E2

m

E2
max

+ E2
q − 1

)
Em + E2

q Ė (23)

Ėq = −k

(
E2

m

E2
max

+ E2
q − 1

)
Eq − EqEm

E2
max

Ė (24)

where Em is the modified voltage regulation output, Eq is an
additional variable with the initial states Em0 = E∗, Eq0 =√

1 − (E ∗)2

E 2
m a x

, E∗ is the nominal grid voltage, and k > 0 is a
positive constant gain.

Considering the following Lyapunov function candidate

VE (t) =
E2

m

E2
max

+ E2
q .

Taking the derivative of VE (t) along with (23) and (24), there is

V̇E (t) = −2kV 2
E (t) + 2kVE (t). (25)

Then, solving (25) gives

VE (t) =
e2ktVE (0)

e2ktVE (0) − VE (0) + 1

=
1

1 − e−2kt(1 − 1
VE (0) )

. (26)

Given the initial conditions Em0 = E∗, Eq0 =
√

1 − (E ∗)2

E 2
m a x

,
there is

VE (0) = 1 ⇒ VE (t) = 1 ∀ t ≥ 0.

If there are any parametric errors in VE (0), VE (t) will still
converge to one with e−2kt(1 − 1

VE (0) ) → 0, when t → ∞. So

E2
m

E2
max

+ E2
q = 1

which indicates that Em is always bounded in the given range
Em ∈ {−Emax < Em < Emax}, and Eq ∈{0 < Eq ≤ 1}, no
matter how Ė changes. In practice, Em should be greater than
zero. In the steady state, Ė, Ėm , and Ėq will be regulated to
zero, then both controller states Em and Eq will converge to the
equilibrium point (Eme , Eqe ), as shown in Fig. 7.

Fig. 7. Phase portrait of the voltage dynamics in the bounded-voltage
controller (23) and (24).

D. Need of PV Voltage-Regulation Loop

Among the three cascaded loops of the dc/ac converter con-
troller in Fig. 6, the inner loop, bounded-voltage power flow
control, is much faster than the outer loop, MPPT. In this sec-
tion, the need of the intermediate loop, PV voltage-regulation,
will be discussed especially when the system operates at its
maximum power point. The condition when the solar irradi-
ation is equal to 800 W/m2 , as shown in Fig. 2(b), is taken
as an example. The system is assumed to operate at its max-
imum power point, e.g., point B, with the corresponding PV
voltage VB and maximum power output PB . Even if a per-
turbation signal ΔV = asin(ω0t) from MPPT is added to VB ,
the PV voltage-regulation loop, together with the fast response
of the bounded-voltage power flow control, can stabilize the
PV voltage within the range [VB − a, VB + a] and guarantee
the system operates near to point B. However, without the PV
voltage-regulation loop, the perturbation-based MPPT will be
applied to the power flow control directly. The perturbation sig-
nal from MPPT ΔP = a

′
sin(ω

′
0t) is added to the maximum

power PB directly. When ΔP > 0, the power output of PV
source will be overloaded, which will cause the system to op-
erate from point B to point A, or even unstable. This can be
explained as follows: the slow response of MPPT cannot com-
pensate this fast overload of the power output in PV source; and
the PV source does not have any inertia to support the extra
power output, which is different from the wind turbine sys-
tems. Therefore, the intermediate loop, PV voltage-regulation,
is essential in the proposed control structure, as shown in
Figs. 1 and 6.
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Fig. 8. Experimental setup.

TABLE I
SYSTEM PARAMETERS

Parameters Values Parameters Values

Cpv 680 μF Lg 200 μH

L 100 μH Rg 0.4 Ω
RL 0.2 Ω Cg 3 μF

Cdc 1640 μF Nominal grid voltage E∗ 20 Vrms

V ∗
dc 35 V Nominal grid frequency ω∗ 120π rad/s

TABLE II
CONTROL PARAMETERS

Parameters Values Parameters Values Parameters Values

τsv 0.001 s ω0 10π rad/s kp , kq 20

kv 10 a 0.25 Gpf (s) 1
1+ τ p s

ki 100 kes 0.2 Gpf (s) 1
1+ τ q s

Gv f (s) 1
1+ τ v s ωh 2π rad/s τp 0.005

Gif (s) 1
1+ τ i s ωl 5π rad/s τq 0.005

τv 0.01 s Kppv 1 Em ax 1.1E∗

τi 0.001 s Kipv 5 k 1000

V. EXPERIMENTAL RESULTS

A. Experimental Setup

To verify the proposed new control structure of grid-tied PV
systems, a lab-environment test rig with one PV system deliv-
ering power to a grid simulator, is built as shown in Fig. 8,
wherein the PV system includes a solar panel RENOGY RNG-
50P, a Texas Instruments (TI) solar explorer kit consisting of a
dc/dc boost converter and a single-phase dc/ac converter, and
four 450 W halogen floodlights which can be tuned by a trans-
former to mimic the sunlight. The grid simulator [26] consists
of a controlled inverter powered by a dc source and a 9Ω re-
sistor load. The system parameters are listed in Table I. The
control parameters for both dc/dc converter controller and dc/ac
converter controller are provided in Table II. How to choose
parameters in UDE-based controllers can refer to [23], [26],
[36]. The parameters design in the PV voltage-regulation con-
troller (20) can refer to the slope on the right hand side of the
PV power–voltage curve, e.g., the B-C-D in Fig. 2(b), as the PV
source usually operates from point D to point B with MPPT con-
trol. However, the PV source works at different solar irradiation

Fig. 9. Experimental results for change of sunlight (Case 1). (a) Real
power output P . (b) Reactive power output Q. (c) DC bus voltage.
(d) PV output voltage. (e) Transient voltage ug and current ig . (f) Tran-
sient ug and ig (zoom in).

conditions. The nominal values of these parameters, Kppv, Kipv,
can be chosen based on the power–voltage curve at the low solar
irradiation, then further tuned to satisfy the power oscillations
at the maximum power point are small, and the PV voltage-
regulation loop is fast enough to fulfill the requirement of the
MPPT algorithm. The PWM frequencies for the dc/dc converter
and dc/ac converter are 100 kHz and 20 kHz, respectively.

B. System Performance

1) Case 1: Change of Sunlight: To test the performance of
maximum power acquisition in nominal operation of the grid-
tied PV system with the proposed new control structure in Fig. 1,
the change of sunlight is considered. At t = 0 s, the floodlights
are set at their maximum outputs, and the dc/dc boost converter
starts to regulate the dc bus voltage. Then, the dc/ac converter
delivers a small amount of power to the simulated grid (5 W
setting), and the MPPT is enabled at t = 10 s. At t = 100 s, the
floodlights are set at about 2/3 of their maximum output, and
back to the maximum at t = 150 s.

The system responses are shown in Fig. 9. Initially, the dc
bus voltage in Fig. 9(c) is regulated to the set-point 35 V. After
enabling MPPT, the real power output P in Fig. 9(a) goes up
to the maximum value within 60 s, and the PV output voltage
in Fig. 9(d) drops correspondingly. After t = 100 s, the real
power output drops quickly with 2/3 of the maximum output of
floodlights. The PV output voltage has a small drop. The corre-
sponding transient voltage ug and current ig captured from the
oscilloscope are shown in both Fig. 9(e) and (f). At t = 150 s, the
PV output voltage goes up, as the floodlights are given at their
maximum output. The real power output achieves the maximum
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value again within 30 s. The system with the proposed new con-
trol structure demonstrates a good performance of maximum
power acquisition within different sunlight conditions. The re-
active power output in Fig. 9(b) almost keeps 0 Var through
the whole experimental test. The proposed method can achieve
good power regulation. It can be seen that the dc bus voltage al-
ways keeps at the set-point value during the whole experiment.
So, the proposed UDE-based CMC has good performance of
the dc bus voltage regulation in the presence of the model un-
certainties (e.g., parasitics), the external disturbances (e.g., load
change caused by the change of sunlight), and current estimation
error. It is worth noting that both the real power output and PV
output voltage drop slowly during the steady states. The reason
is that the temperature of solar panel increases slowly with high
irradiation of the floodlights.

To further show the advantages of the UDE-based controllers,
three PI controllers are introduced in same control structure to
replace the UDE-based controllers. For fair comparison, the
parameters of PI controllers are chosen with similar transient-
and steady-state performance to the UDE-based controllers for
the nominal case (without uncertainties and disturbances). In
particular, the PI controller for the dc bus voltage regulation is
designed as

u∗ = Kpdc(V ∗
dc − Vdc) + Kidc

∫
(V ∗

dc − Vdc)dt

with Kpdc = 0.1, Kidc = 0.5. The design of PI controllers for
bounded-voltage power flow control can refer to [26], where the
parameters are chosen as kpp = 0.11 and kip = 0.94 for real
power channel, kpq = 2.22 and kiq = 18.32 for reactive power
channel.

The comparison results are shown in Fig. 9. It can be seen
that the PI controllers have similar transient- and steady-state
performance to the UDE-based controllers before t = 100 s.
However, the PI controllers have a large spike in the dc bus
voltage, when floodlights are quickly changed to a low level
at t = 100 s. Accordingly, the system also has some transient
spikes in the real power output P , reactive power output Q, and
PV output voltage at t = 100 s. After the transient periods, the
PI controllers hold the similar performance to the UDE-based
controllers again. Therefore, the UDE-based controllers have
better robustness than the PI controllers to handle uncertainties
and disturbances in this grid-tied solar system.

2) Case 2: Fault Ride-Through With AC Grid Fault: To
further evaluate the fault ride-through performance of the pro-
posed new control structure on dc side, an ac grid fault is con-
sidered. The floodlights are given at their maximum output.
With the same initial setting of Case 1, MPPT is enabled af-
ter t = 10 s. At t = 100 s, the dc/ac inverter is turned OFFto
simulate an ac grid fault, and is turned ON at t = 120 s.

The system responses are shown in Fig. 10. The system goes
to its maximum real power output at t = 75 s. At t = 100 s, both
real power and reactive power are zero, as shown in Fig. 10(a)
and (b), respectively, because the fault is simulated at ac grid.
The dc bus voltage in Fig. 10(c) increases by 16.6% quickly, be-
cause the dc/ac converter is OFF. However, the proposed control
structure can still regulate the dc bus voltage to 35 V without

Fig. 10. Experimental results for ac grid fault (Case 2). (a) Real power
output P . (b) Reactive power output Q. (c) DC bus voltage. (d) PV output
voltage.

Fig. 11. Experimental results for current sensor error (Case 3).
(a) Voltage Em . (b) Real power output P . (c) Reactive power output
Q. (d) DC bus voltage.

any dc bus voltage protection units. It is worth noting that the
energy in dc bus capacitor can be consumed by a sampling re-
sistance (10 kΩ is used in the experiment), though the dc/ac
converter is switched OFF. The PV output voltage in Fig. 10(d)
goes up accordingly without any power output. When the fault
is cleared at t = 120 s, a small amount of power is delivered to
the grid simulator (5 W setting), then MPPT is enabled, and the
system is back to its maximum output again within 60 s. The
proposed method can regulate the dc bus voltage well, even in
the fault condition of grid side without a protection unit. Also,
the proposed method has a good fault-ride through capability
with ac grid fault.

3) Case 3: Fault Ride-Through With AC Current Sensor
Error: To test the fault ride-through performance of the pro-
posed bounded-voltage power flow control on ac side, a current
sensor fault is considered. The grid voltage is set at 21 Vrms.
The floodlights are given at about 2/3 of their maximum output.
Initially, the system already operates at its MPPT condition. At
t = 2 s, the reactive power reference is set at Q∗ = 20 var. At
t = 5 s, the ac current sensor fault is injected as the measured
value is only 25% of its actual value.

The system responses are shown in Fig. 11. The real power
output is about 20 W, because of 2/3 of maximum output of
floodlights, as shown in Fig. 11(b). After the reactive power is
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TABLE III
SYSTEM PARAMETERS

Parameters Values Parameters Values

Cpv 1000 μF V ∗
dc 400 V

L 100 μH Lg 2.2 mH

RL 0.1Ω Rg 0.5 Ω
Cdc 2000 μF Cg 10 μF

TABLE IV
CONTROL PARAMETERS

Parameters Values Parameters Values Parameters Values

ω0 10π rad/s ωh 2π rad/s Kipv 100

a 2.5 ωl 5π rad/s Em ax 1.2E∗

kes 0.5 Kppv 20 k 1000

set to 20 var at t = 2 s, the proposed bounded-voltage control
regulates the output voltage Em inside the given bounded range
within Emax (22 Vrms), as shown in Fig. 11(a). Then, the reactive
power reaches the setting point with some oscillations, as shown
in Fig. 11(c). After t = 5 s, the current sensor fault is injected.
The calculated real power goes to about 5 W, however, the
actual real power is about 20 W. The output voltage Em reaches
its maximum value Emax with more reactive power delivered
to the grid, because of the current sensor error. Though the
calculated reactive power is about 12 var, the actual value should
be about 48 var. Hence, the proposed bounded-voltage control
can regulate the voltage Em within the given range to realize ac
voltage protection. The dc bus voltage in Fig. 11(d) is still well
regulated, as the actual real power is used for R̂v estimation.
It can be seen that the system has a good fault ride-through
performance when the ac current sensor fault occurs.

VI. SIMULATION STUDIES

To further demonstrate the need of the intermediate PV
voltage-regulation loop and the merits of the proposed bounded-
voltage power flow control, a simulation platform with the same
structure in Fig. 1 is built in MATLAB/Simulink/SimPower
Systems to study more realistic scales. The PV source is consid-
ered as a 10 × 10 series–parallel array of solar panels, RENOGY
RNG-50P, and the dc/ac converter is connected to a three-phase
ac grid with rated phase voltage of 110 Vrms and 60 Hz. The
system parameters are shown in Table III, and the control pa-
rameters for MPPT and PV voltage-regulation are redesigned
in Table IV. It is worth noting that there is no need to redesign
the parameters for the UDE-based controllers due to their good
robustness, even if the system scale is changed.

A. Case 4: With/Without PV Voltage-Regulation Loop

To test the need of PV voltage-regulation loop, two con-
trollers with/without PV voltage-regulation loop are com-
pared. In the controller without PV voltage-regulation loop, the

Fig. 12. Simulation results with/without PV voltage-regulation loop
(Case 4). (a) Real power output P . (b) Reactive power output Q.
(c) PV output power Ppv. (d) PV output voltage.

perturbation signal from MPPT is added to P ∗ directly. The
maximizing target is chosen as the PV output power Ppv, be-
cause the perturbation signal and maximizing target cannot be
the same variable in ES algorithm. For fair comparison, the PV
output power Ppv is the maximizing target in the controller with
PV voltage-regulation loop too. The perturbation gain a

′
= 25

and integral gain k
′
es = 20 are chosen in ES algorithm for the

controller without PV voltage-regulation loop, while a = 2.5
and kes = 0.5 are selected for the controller with PV voltage-
regulation loop to make two controllers have similar MPPT
convergence time. The system starts at t = 0 s. The sunlight
is considered as 1000 W/m2 . With the same initial settings as
Case 1, the MPPT is enabled after t = 1 s, and the system stops
at t = 40 s.

The system responses are shown in Fig. 12. After enabling
MPPT, the real power output P in Fig. 12(a) goes up to the maxi-
mum point within about 26 s in both controllers. In the controller
with PV voltage-regulation loop, P increases with a nonlinear
behavior, as the perturbation signal V ∗

pv has a nonlinear rela-
tionship with the maximizing target Ppv, as shown in Fig. 2(b).
However, in the controller without PV voltage-regulation loop,
P increases linearly, as the perturbation signal P ∗ has an approx-
imately linear relationship with Ppv. The PV output power Ppv

in Fig. 12(c) has a similar shape to P , but is slightly higher than
P in both controllers, because of power losses. After about 27 s,
the controller with the PV voltage-regulation loop converges
to its steady state with the maximum power output. However,
the controller without the PV voltage-regulation loop becomes
unstable with large drops and oscillations in both the real power
output and PV power output, whereas the PV output voltage and
reactive power output drop dramatically, as shown in Fig. 12(d)
and (b), respectively. This is because the PV source is overloaded
at its maximum point, as discussed in Section IV-D.

B. Case 5: Comparison With the Saturation Unit

To further demonstrate the advantage of the proposed
bounded-voltage power flow control, its performance is com-
pared with the existing UDE-based robust power flow control
[26] by adding a saturation unit. The system starts at t = 0 s.
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Fig. 13. Simulation results with bounded-voltage power flow control
(left side) and with existing UDE-based power flow control [26] plus a
saturation unit (right side) (Case 5). (a) Voltage Em . (b) Real power
output P . (c) Reactive power output Q. (d) PV output voltage.

The sunlight is considered as 1000 W/m2 . With the same
initial settings of experimental Case 1, the MPPT is enabled
after t = 1 s. At t = 40 s, the reactive power reference is set as
Q∗ = 1.8 kvar.

The system responses are shown in Fig. 13. After enabling
MPPT, the real power output in Fig. 13(b) goes up to the max-
imum value within 26 s in both controllers. The voltage Em

(line-line voltage) in Fig. 13(a) goes up, and PV output voltage
in Fig. 13(d) goes down, accordingly. At t = 40 s, the reac-
tive power in Fig. 13(c) with bounded-voltage control reaches
its setting 1.8 kvar quickly, and the voltage Em is close to its
maximum value Emax . The real power output still keeps at the
maximum value, and PV output voltage still keeps at its optimal
point. There are only very small oscillations in these signals
caused by perturbations from MPPT for the bounded-voltage
power flow control. However, the existing UDE-based power
flow control [26] with the saturation unit results in large oscil-
lations in the voltage Em , because the integrator windup hap-
pens when the voltage Em is close to Emax . The corresponding
real power, reactive power, and PV output voltage also suffer
from large oscillations. Therefore, the bounded-voltage power
flow control can regulate the voltage Em within the specific
range and avoid the integrator windup caused by the saturation
unit.

VII. CONCLUSION

A new control structure was proposed in this paper for the
grid-tied PV systems with the dc bus voltage regulated by the
dc/dc converter controller, whereas the MPPT function, the PV
voltage-regulation, and the bounded-voltage power flow con-
trol embedded into the dc/ac converter controller. This structure
can guarantee voltage protection and enhance fault-ride through
performance on both dc and ac sides. An UDE-based CMC was
developed for the robust dc bus voltage regulation of the dc/dc
converter with dc voltage protection, and the bounded-voltage
power flow control provides ac voltage protection for the dc/ac
converter. The effectiveness of the proposed method was exper-
imentally validated in the lab-environment grid-tied PV system
under both nominal and faulty conditions. And simulation stud-
ies have further demonstrated the advantages of the proposed
method.
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