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Abstract—In this paper, an uncertainty and disturbance
estimator (UDE)-based control is proposed to achieve accurate
power flow control for grid-tied inverters (GTI). The power
delivering dynamics is introduced at first after considering
both frequency dynamics and voltage dynamics. Then the
UDE algorithm is adopted to regulate both output voltage
amplitude and frequency for accurate real power and reactive
power control. With the adoption of the UDE method, the
model uncertainty (e.g., power angle) and external disturbance
(e.g., variations of grid frequency and grid voltage) can be
compensated automatically. Moreover, this UDE-based dynamic
power flow control can achieve self-synchronization without an
extra synchronization unit (e.g., a phase-locked-loop) when the
inverter is connected to the grid. In addition, the proposed
controller is easy for implementation and parameter tuning
through the designs of desired tracking error dynamics and
UDE filters, while having the flexibility and performance of
advanced control methodologies. The asymptotic stability of
the closed-loop system is analyzed. Experimental results are
provided for validation.

I. INTRODUCTION

Nowadays, renewable energies, such as wind energy, solar
energy, wave tidal energy and fuel cells, play very important
roles in energy area. According to REN21’s “Renewables
2015 Global Status Report”, the renewable electricity shares
22.8% of global electricity production, with the wind power
about 3.1%, and the solar PV (photovoltaic) about 0.9%.
According to the reports of U.S. Department of Energy, wind
energy is targeted to provide 20% of U.S. electricity needs
by 2030, and solar power is targeted to provide 14% of
U.S. electricity needs by 2030 and 27% by 2050. Most of
the renewable energies are comprised of variable-frequency
ac sources (such as wind turbines), high frequency AC
sources (such as small gas turbines), or DC sources (such as
solar PVs). The DC/AC converters, also called inverters, are
needed to interface these renewable energies with the public-
utility grid [1]. Though renewable energies are quite popular,
there are still some challenges faced by the inverter control
for grid integration. For example, the renewable energies,
such as wind power, solar PV are not stable energies in
different wind conditions or sunlight conditions; the current
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injected into the grid should be clean sinusoidal to keep
system stable and grid friendly [1]; the grid variations
(frequency variation or voltage variation), even though they
are small, also affect the system stability.

The vector control, originally proposed for the control of
electrical machine [2], is a popular control algorithm for
three-phase grid-tied inverters (GTI) [3], [4], [5] to convert
DC power to AC grid. In the vector control, the current
regulation in d − q reference frame is adopted to generate
voltage reference. An extra synchronization unit, e.g. the
phase-locked-loop (PLL), is required for transformations of
current and voltage between the a − b − c reference frame
and the d − q reference frame. However, the vector control
has its fundamental limitations in power flow control for
three-phase GTI. Firstly, the frequency dynamics are not
considered in the vector control, which makes it difficult
to analyze the angle and frequency stability between GTI
and the grid [6]. Secondly, the PLL dynamics can affect
the stability of GTI, particularly in weak grids [6], [7].
Moreover, because the PLL is inherently nonlinear and so are
the inverter controller and the power system, it is extremely
difficult and time-consuming to tune the PLL parameters to
achieve satisfactory performance [8]. Thirdly, the instability
of the DC-link dynamics can also affect the stability of
GTI [6]. Furthermore, the transformation processes of vector
control can be complicated due to impedance imbalance and
voltage imbalance [9].

An alternative control strategy of the vector control, direct-
power control, proposed by [10], directly controls the power
switch device based on the instantaneous real power and
reactive power errors. This instantaneous control method
is easily influenced by system noises, as well as the grid
variations. The droop control method, originally proposed for
power sharing among parallel operated inverters [11], can be
adopted for GTI to achieve power flow control [12], [13],
[14], [15]. Though some merits have been achieved with
droop control methods, such as harmonic current regulation
[12], flexible operation in either grid-connected mode or
islanded mode [13], [15], enhancing power loop dynamics
[14], the extra synchronization units, the PLLs, are still
needed in most cases [12], [14], [15], and frequency dy-
namics are not considered. As the droop control is based
on approximate linearization with the assumptions that the
output impedance of the inverter is purely inductive and the
power angle is small [1], most droop control strategies are
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static [16].
Inverters can also be controlled to behave as virtual syn-

chronous machines (VSM) [17], [18], [19]. The self-tuning
algorithms for optimal parameters of VSM are studied in
[20], however, the PLL is still needed in this method. The
synchronverter technology [19] has been improved without
a dedicated synchronization unit to improve system perfor-
mance and reduce complexity in [8]. Similar methods have
been expanded to introduce the inertia to the grid [6] and to
improve microgrids stability [7].

In this paper, a power flow control strategy based on
the uncertainty and disturbance estimator (UDE) method
is developed for GTI to achieve real and reactive power
output regulations. The UDE control algorithm, which was
first proposed in [21], is based on the assumption that the
uncertainty and disturbance can be estimated by using a
filter with the appropriate bandwidth. In recent years, the
UDE-based control demonstrated excellent performance in
handling uncertainties and disturbances in different systems,
and was successfully applied to robust trajectory tracking
[22], a class of non-affine nonlinear systems [23], and the
variable-speed wind turbine control [24]. In this paper, the
power delivering dynamics are studied base on the power
delivering equations. Then the UDE-based dynamic power
flow control is developed to regulate both output frequency
and output voltage for accurate power flow control with
self-synchronization when the inverter is connected to the
grid. The model uncertainty (e.g., power angle) and external
disturbance (variations of grid frequency and grid voltage)
can be compensated automatically with this UDE-based
dynamic power flow control. Also, this control approach
is easy for implementation and parameter tuning with the
simple designs of desired tracking error dynamics and UDE
filters. The effectiveness of the proposed control approach is
demonstrated through experimental studies on an experimen-
tal test rig with a single-phase Texas Instruments L-inverter.

The main contributions of this paper are highlighted as
follows:

1) The power delivering dynamics are introduced based on
the power delivering equations with both frequency dynamics
and voltage dynamics being considered.

2) The UDE method is applied for GTI to achieve accurate
real and reactive power output regulations. The model uncer-
tainty (e.g., power angle) and external disturbance (variations
of grid frequency and grid voltage) can be compensated
automatically with UDE algorithm. The self-synchronization
is achieved without an extra synchronization unit (e.g., the
PLL).

3) The asymptotic stability criteria for GTI with the UDE-
based dynamic power flow control is provided.

4) The UDE-based dynamic power flow control is easy
to be implemented and tuned while bringing good robust
performance.

The rest of this paper is organized as follows. Section II
provides power delivering dynamics. In Section III, the UDE-
based dynamic power flow is proposed for L-inverter. Effec-
tiveness of the proposed approach is demonstrated through

experimental studies in Section IV, before the concluding
remarks are made in Section V.

II. POWER DELIVERING DYNAMICS

( ) ( )

Figure 1. Voltage source delivering power to the grid.

A voltage source E∠δ delivering power to the grid Vo∠0◦

through an impedance Zo∠θ can be modeled as shown in Fig.
1. The real power P and the reactive power Q received by
the grid Vo∠0◦ are shown as [1]

P =

(
EVo
Zo

cos δ − V 2
o

Zo

)
cos θ +

EVo
Zo

sin δ sin θ,(1)

Q =

(
EVo
Zo

cos δ − V 2
o

Zo

)
sin θ − EVo

Zo
sin δ cos θ,(2)

where δ is the phase difference between the voltage source
and the grid, often called the power angle.

It is noted that the power delivering equations (1) and
(2) are modeled with a general voltage source delivering
power to the grid in Fig. 1. This general voltage source
could be a GTI or a traditional synchronous generator. The
traditional synchronous generators hold the same power de-
livering characteristics with GTI, though the power delivering
equations have little difference [25]. Moreover, sine functions
in power delivering characteristics play crucial roles for
synchronization and transient stability in power network [26],
[27]. If the controller design of GTI follows this power deliv-
ering equations, the power delivering characteristics of GTI
can obtain the same as traditional synchronous generators,
and the same self-synchronization and transient stability of
traditional synchronous generators will also be achieved for
the operation of the GTI.

Similar to the winding inductance in synchronous gen-
erators, because of the output inductor or the inductive
line impedance, the output impedance of inverters is mostly
inductive and such inverters are called L−inverters [1]. In
this case, the output impedance of the inverter is considered
as purely inductive for simplification with

θ = 90o.

The real power and the reactive power can be derived from
(1) and (2) as

P =
EVo
Zo

sin δ, (3)

Q =
EVo
Zo

cos δ − V 2
o

Zo
. (4)
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Taking the derivative form of (3) and (4)

Ṗ =
EVo
Zo

cos δδ̇ +
Vo
Zo
sin δĖ, (5)

Q̇ =
EVosin δδ̇ + VoĖcos δ

Zo
. (6)

Since the power angle δ depends on the power output of
the inverter and the variation of grid conditions, it is quite
uncertain. The power delivering dynamics (5) and (6) can be
rewritten as

Ṗ =
EVo
Zo

δ̇ +4p, (7)

Q̇ =
Vo
Zo
Ė +4q, (8)

where

4p =
Vo
Zo
sin δĖ +

EVo
Zo

δ̇(cos δ − 1), (9)

4q =
EVosin δδ̇

Zo
+
Vo
Zo
Ė(cos δ − 1) (10)

represent the uncertainty terms, including the nonlinearity
and uncertainty of the power angle δ. In practice, the lumped
uncertain terms 4p and 4q can be small and bounded
because of the small power angle δ.

III. UDE-BASED DYNAMIC POWER FLOW CONTROL

In this paper, a power flow control is proposed based on
the power delivering dynamics (7) and (8) with the UDE
method [21] for L-inverter. The structure is shown in Fig. 2.

UDE-based 

control (19)

calculation

+
+

+

+

UDE-based 

control (20)

Figure 2. The scheme of the UDE-based dynamic power flow control

A. Controller design

The inverter should accurately control real power and
reactive power injected into the grid independently. The
control objective is to achieve accurate real power and
reactive power regulations, such that real power P and
reactive power Q asymptotically track their reference Pset

and Qset respectively. In particular, the desired tracking
errors ep = Pset−P and eq = Qset−Q satisfy the dynamic
equations

ėp = −Kpep, (11)
ėq = −Kqeq. (12)

Combing (7) and (11), (8) and (12) respectively, then

Ṗset −
EVo
Zo

δ̇ −4p = −Kpep,

Q̇set −
Vo
Zo
Ė −4q = −Kqeq.

Then δ̇ and Ė need to satisfy

δ̇ =
Zo

EVo

(
Ṗset +Kpep −4p

)
, (13)

Ė =
Zo

Vo

(
Q̇set +Kqeq −4q

)
. (14)

According to the system dynamics in (7) and (8), the
uncertainty terms 4p and 4q satisfy

4p = Ṗ − EVo
Zo

δ̇,

4q = Q̇− Vo
Zo
Ė.

Following the procedures provided in [21], 4p and 4q can
be estimated by

4̂p = (Ṗ − EVo
Zo

δ̇) ∗ gpf , (15)

4̂q = (Q̇− Vo
Zo
Ė) ∗ gqf , (16)

where “ ∗ ” is the convolution operator, gpf (t) and gqf (t)
are the impulse response of strictly proper stable filters
Gpf (s) and Gqf (s) with unity gain and zero phase shift
over the spectrum of the lumped uncertain term 4p and 4q

respectively, and zero gain elsewhere. Replacing 4p and 4q

with 4̂p and 4̂q in (13) and (14) results in

δ̇ =
Zo

EVo

[
Ṗset +Kpep − (Ṗ − EVo

Zo
δ̇) ∗ gpf

]
,(17)

Ė =
Zo

Vo

[
Q̇set +Kqeq − (Q̇− Vo

Zo
Ė) ∗ gqf

]
. (18)

Then the UDE-based control laws are formulated as

δ̇ =
Zo

EVo

[
L−1

{
1

1−Gpf (s)

}
∗ (Ṗset +Kpep)

−L−1
{

sGpf (s)

1−Gpf (s)

}
∗ P
]
, (19)

Ė =
Zo

Vo

[
L−1

{
1

1−Gqf (s)

}
∗ (Q̇set +Kqeq)

−L−1
{

sGqf (s)

1−Gqf (s)

}
∗Q
]
. (20)

The final controller output vr for PWM (pulse width mod-
ulation) signals generation can be obtained after combining
the amplitude obtained from E and the phase δ, as shown in
Figure 2.

The UDE-based dynamic control laws (19) and (20) are
easy to be implemented and tuned with the simple designs
of desired tracking error dynamics and UDE filters. Also,
there is no need with an extra synchronization unit for the
UDE-based dynamic power flow control when the inverter is
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connected to the grid, and the global settings ω∗ and E∗ are
just used for initial synchronization.

It is worth noting that the uncertainty terms4p (9) and4q

(10) only include the model uncertainty of the power angle
δ in the L−inverter (with θ = 90o). If the output impedance
of the inverter is not purely inductive, the deviation can also
be lumped into the uncertainty terms 4p and 4q , which can
be estimated and compensated by UDE algorithm. Therefore,
the UDE-based dynamic power flow control is not limited to
GTI with purely inductive output impedance.

B. Stability analysis

Theorem 1. Consider the closed-loop system consisting of
GTI delivering power to the grid (7) and (8), and the UDE-
based dynamic power flow control laws (19) and (20). If the
filters Gpf (s) and Gqf (s) are chosen as strictly proper stable
filters with unity gain and zero phase shift over the spectrum
of the lumped uncertain terms 4p (9) and 4q (10) and zero
gain elsewhere, then the closed-loop system is asymptotically
stable, which guarantees stable power delivering of GTI to
the grid.

Proof: When the estimated terms 4̂p (15) and 4̂q (16)
are adopted to replace 4p in (13) and 4q in (14), then the
error dynamics (11) and (12) become

ėp = −Kpep − 4̃p, (21)

ėq = −Kqeq − 4̃q, (22)

where

4̃p , 4p − 4̂p

4̃q , 4q − 4̂q

are the estimated error of uncertainty terms. According to
(15) and (16), the estimated errors are

4̃p = 4p ∗ L−1 {1−Gpf (s)} , (23)

4̃q = 4q ∗ L−1 {1−Gqf (s)} . (24)

By substituting (23) into (21) and substituting (24) into (22),
and taking the Laplace transformation,

sEp(s) = −KpEp(s)− Np(s) [1−Gpf (s)] , (25)
sEq(s) = −KqEq(s)− Nq(s) [1−Gqf (s)] , (26)

where Ep(s), Np(s), Eq(s) and Nq(s) are the Laplace
transform of ep, 4p, eq and 4q , respectively. Then,

Ep(s) = −Np(s) [1−Gpf (s)]

s+Kp
, (27)

Eq(s) = −Nq(s) [1−Gqf (s)]

s+Kq
. (28)

According to (9) and (10), here 4p and 4q are assumed
to be bounded with |4p| ≤Mp and |4q| ≤Mq , as δ is very
small in practical case, E and Vo are engineering signals,
and Zo is a non-zero value. Therefore,

|Np(s)| ≤ Mp

|s|
, |Nq(s)| ≤ Mq

|s|
.

Since the filters Gpf (s) and Gqf (s) are designed as a strictly-
proper stable filter with unity gain and zero phase shift over
the spectrum of the lumped uncertain terms 4p and 4q and
zero gain elsewhere, respectively, by applying the final value
theorem to (27) and (28), there are

lim
t→∞

|ep| = lim
s→0
|s · Ep(s)|

≤ lim
s→0

∣∣∣∣Mp [1−Gpf (s)]

s+Kp

∣∣∣∣
= 0,

lim
t→∞

|eq| = lim
s→0
|s · Eq(s)|

≤ lim
s→0

∣∣∣∣Mq [1−Gqf (s)]

s+Kq

∣∣∣∣
= 0.

Therefore, the tracking errors of the system converge to zero
and the close-loop system is asymptotically stable. Stable
power delivering of GTI to the grid can be achieved. This
completes the proof.

IV. EXPERIMENTAL RESULTS

A. Experimental setup

To verify the UDE-based dynamic power flow control (19)
and (20) , a test rig with one Texas Instruments L-inverter
delivering power to a AC bus as shown in Fig. 3(a) was built,
where the AC bus is generated by a power amplifier with a
signal generator. The circuit diagram is shown in Fig. 3(b),
where the loads consist of a resistor RL = 6.67 Ω and a
capacitor CL = 90 µF. The loads are connected to AC bus
directly and the inverter is connected to the AC bus via a
switch CB. In order to synchronize the inverter to the AC
bus at the initial state, the load voltage Vo after switch CB
is measured by the inverter. The parameters of the inverter
are given in Table I. The inverter is controlled through the
controlCARD of TI F28M35H52C1 micro-controller chip.
The measurement data is sent to a desktop through serial
communication.

Table I
INVERTER PARAMETERS.

Parameters Values
L 7 mH
C 1 µF
VDC 40 V

Parameters Values
nominal grid frequency 60 Hz

nominal grid voltage 14 Vrms
PWM frequency 19.2 kHz

B. Filter design and parameter selection

The filters in the UDE algorithm should cover the spectrum
of disturbances with the unity gain and zero phase shift. Here,
Gpf (s) and Gqf (s) are chosen as the following first-order
low-pass filters

Gpf (s) =
1

1 + τps
, Gqf (s) =

1

1 + τqs
, (29)
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generator

AC 
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(b)

Figure 3. Experimental test rig. (a) Setup (b) Circuit diagram.

with the bandwidth wide enough to cover the spectrum of
4p and 4q . Furthermore,

1

1−Gpf (s)
= 1 +

1

τps
,

sGpf (s)

1−Gpf (s)
=

1

τp
,

and

1

1−Gqf (s)
= 1 +

1

τqs
,

sGqf (s)

1−Gqf (s)
=

1

τq
.

Therefore, with the low-pass filters (29), the UDE-based
control laws (19) and (20) are simplified as

δ̇ =
Zo

EVo

[
Ṗset + (Kp +

1

τp
)ep +

Kp

τp

∫ t

0

epdt

]
,(30)

Ė =
Zo

Vo

[
Q̇set + (Kq +

1

τq
)eq +

Kq

τq

∫ t

0

eqdt

]
. (31)

The control parameters for desired tracking error dynamics
and UDE filters are shown in Table II.

Table II
CONTROL PARAMETERS FOR DESIRED TRACKING ERROR DYNAMICS

AND UDE FILTERS

Parameters Values
Kp 5
τp 0.1 s
Pset 15 W

Parameters Values
Kq 10
τq 0.05 s
Qset -5 Var

C. System performance

Initially, the grid is set at the nominal frequency 60 Hz and
the nominal grid voltage 14 Vrms through the signal generator.
The real power is set at Pset = 15 W, and the reactive power
as Qset = −5 Var. Then, the grid frequency is stepped up
to 60.1 Hz at t = 5 s. The grid voltage is stepped down to
13 Vrms at t = 10 s. The tuning of both grid frequency and
grid voltage is set by the signal generator.

0 2.5 5 7.5 10 12.5 15
0

5

10

15

20

R
ea

l p
ow

er
 (

W
)

Time (s)

(a) Real power

0 2.5 5 7.5 10 12.5 15
59.95

60

60.05

60.1

60.15

Fr
eq

ue
nc

y 
(H

z)

Time (s)

(b) Inverter frequency

0 2.5 5 7.5 10 12.5 15
−10

−7.5

−5

−2.5

0

R
ea

ct
iv

e 
po

w
er

 (
V

ar
)

Time (s)

(c) Reactive power

Time (s)
0 2.5 5 7.5 10 12.5 15

V
ol

ta
ge

 E
  

 (
V

)

13.2

13.6

14

14.4

14.8

(d) Voltage E
Figure 4. Experimental results

The system response of the proposed UDE-based dynamic
power flow control (19) and (20) with the parameters setting
in Table II are shown in Fig. 4, including real power response
in Fig. 4(a), reactive power response in Fig. 4(c). The inverter
frequency and voltage E are shown in Fig. 4(b) and in Fig.
4(d) respectively. Initially, the load voltage Vo is measured
by the inverter for synchronization using the zero-crossing
method [1], then the inverter starts to deliver the real power
and reactive power. This initial synchronization is disabled
when the inverter is connected to the grid. The real power
and reactive power reach the stable status with P = 15 W in
Fig. 4(a) and Q = −5 Var in Fig. 4(c) quickly. The inverter
frequency is within 60 Hz in Fig. 4(b) and voltage E is about
E = 14.4 Vrms. The UDE-based dynamic power flow control
can achieve accurate real power and reactive power output
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regulation effectively.
At t = 5 s, the grid frequency is changed to 60.1 Hz.

There are some oscillations in real power in Fig. 4(a) and
reactive power in Fig. 4(c). Both of them converge to the
stable status within 2 s. The inverter frequency is changed to
60.1 Hz quickly after some oscillations in Fig. 4(b) without
the grid information from an extra synchronization unit.
Corresponding response of the voltage E is shown in Fig.
4(d). At t = 10 s, the grid voltage is changed to 13 Vrms. The
reactive power in Fig. 4(c) has a small spike but converges
to the stable status within 2 s, and the voltage E in Fig.
4(d) automatically changes to 13.6 Vrms within 2 s. The real
power in Fig. 4(d) and inverter frequency almost remain the
same.

The experimental results show that the external grid dis-
turbance (variations of grid frequency and grid voltage) can
be compensated automatically by the UDE-based dynamic
power flow control. Also the self-synchronization can be
achieved without an extra synchronization unit when the
inverter is connected to the grid in the presence of the
disturbances from the grid.

V. CONCLUSION

In this paper, an uncertainty and disturbance estimator
(UDE)-based dynamic power flow control has been proposed
for grid-tied inverters (GTI) to achieve output power regu-
lation. The power delivering dynamics has been introduced
based on the power delivering equations with both frequency
dynamics and voltage dynamics being considered. Then the
UDE algorithm has been adopted to regulate both output
voltage and output frequency for accurate real power and
reactive power control. The asymptotic stability has been an-
alyzed for the UDE-based dynamic power flow control. The
effectiveness of the proposed approach has been validated
experimentally. The self-synchronization can be achieved
without an extra synchronization unit when the inverter is
connected to the grid in the presence of the disturbances
from the grid. Although the UDE-based dynamic power flow
control was developed based on the single phase GTI in this
paper, the results can be further extended to the three-phase
GTI.
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