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Abstract

Control of three phase inverters has been an important issue in recent years. This paper proposes active disturbance rejection
control (ADRC) scheme for controlling three phase inverters. The main advantage of ADRC that motivated us for using this
controller for inverter is that it is model independent. This controller is used in a double loop structure including an inner
current loop and outer voltage loop. A case study has been simulated in SIMULINK to demonstrate the advantages of ADRC
in control of inverters over PI controller. Simulation results demonstrate that load changes have no impact on performance of
this control method and it is not sensitive to any uncertainty in parameters of the inverter.
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1. Introduction

Nowadays, three phase inverters are widely
used in diverse applications such as uninterruptible
power systems (UPS’s) and integration of
distributed generations (DG’s) [1]. Control of three-
phase inverters is a major challenge to many
engineers [2]. In UPS applications, it is crucial to
regulate the output voltage for different load
conditions [3].

In most of industrial applications, PID
controllers are implemented for controlling three
phase inverters. PID controller is mainly used in a
double loop control structure in order to enhance
system performance [4]. The inner loop includes a
PID controller for regulating the current. Moreover,
another PID controller is used in outer loop such
that the voltage of the inverter tracks the reference
by a predefined specific dynamic characteristic [5].
This control method is implemented through the
gating signals generated by using pulse width
modulation (PWM) technique.

By advent of digital signal processors
(DSP’s), it was the best time to implement more
sophisticated control schemes. Dead beat control
[61, [71, [8], sliding mode control [9], [10], robust

control [11], [12], [13]and predictive control
[14]are the most important schemes that have been
used for controlling three phase inverters. Although
the aforementioned control methods have
satisfactory results, the PID controllers are
prevalent nowadays. This is mainly due to the fact
that PID controllers are simple and convenient. In
industrial applications, there are uncertainties in
parameters of the model for which approximate
estimations are provided which are not accurate
enough [15]. Therefore, using a control approach
that is not model based is critical.

In this paper, this issue is addressed by
proposing a new control method known as Active
Disturbance Rejection Control (ADRC). The main
advantage of this method is that it is model
independent [16], [17]. This feature is the result of
exploiting a state observer that estimates the
disturbances and the controller actively rejects them
[17]. The purpose of this research is to use this new
control method for voltage control of three phase
inverter in UPS applications. This is accomplished
by using a double loop structure control including
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an inner current loop and also outer voltage loop
control.

The proceeding parts of this paper are
classified as follow: in section Il, ADRC is
overviewed. In section Ill, at first the three phase
inverter is modeled. After that, structure of ADRC
for the inverter is discussed. In section 1V, a case
study is used to simulate the performance of ADRC
and compare its results with PI controller. Finally,
section V includes the conclusion of this paper.

1. Active disturbance rejection control (ADRC)

As shown in Fig. 1, the structure of ADRC
contains an observer and a controller part. Observer
is used to estimates the disturbance and states of the
system. The outputs of the observer are used by a
control law in order that the disturbances can be
rejected. Accordingly, the output can track the
reference with a predefined dynamic characteristic.
In this paper, the idea of ADRC is explained for a
second order plant. Ref [18] provides more
information about ADRC.

Consider a second order plant with the form
of

y =ay +a,y +d +bu (1)

where, Y is the output, U is the input of the

system and d s the external disturbance. If by is

supposed to be the estimated value of , then (1) can
be rewritten as
Disturbance

inpUt Process OUtpUt

(modeling uncertaities |

— | Controller

Dist. Est.
State. Est.

Observer

Fig. 1. Simplified block diagram of ADRC for a process
y =ay +a,y +d +(b—by)u+bu = (t,y,y,®)+bu (2)

here, f (t,y,y' ,d) or briefly f is known

as general disturbance. If the general disturbance is
estimated and cancelled the system is reduced to a
double-integral system. This is done by employing
a control law which is defined as

u,—f
=— 3
b, ®)

By replacing (3) in (2), the simplified model of the
system is deduced as

u
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y =Uu, “)
Now the control problem is reduced to designing a
controller for a system described by (4).

It is sufficient to control the reduced model by
using a corrected PD controller as indicated in Fig.
2 [19]. With regard to (4) and Fig. 2, the transfer
function of reference to output is as,

y(s) _ K,
Yt (5) sP+Kps+K,

®)

where, K and K, are the parameters that should

be tuned. For simplicity of tuning, K and K,
are selected such that both poles of the transfer
function will be located at —a@, [20]. In other
words,

y(s) @ &

Ve (5) S2+20,5 +@f _(s +a,)

(6)

2 .
Therefore, K =@; and K, =2, and @, is

known as the bandwidth of the controller.

As indicated in Fig. 2, for eliminating the
effect of disturbance, the general disturbance (f )
and the state space of the system must be estimated.
This is accomplished by using an extended state
observer (ESO).

The state space equations of ESO is defined
as [19]:

u
0“_ ,y_bl u Process y

I_[),I_l

Fig. 2. Control structure of ADRC for a second order system

%) (01 0Y(x,) (0 |
X, =] 00 1], [+|b, [u(t)+ 1, | (y(t)-x) (7)
X,) 100 0/lx,) |o L

where, L =[l, I, 1;] is the observer gain
vector and X, , X,and X, are estimated values of

y,y and f respectively. According to (7), the
characteristic polynomial of the observer is as,

}/(S):S3+|182+|25+|3 (8)



119 International Journal of Smart Electrical Engineering, Vol.4, No.2,Spring 2015

For simplicity of tuning, the elements of the
observer gain vector are chosen such that all the

eigenvalues of the observer are located at —a),
[19]. Therefore, the characteristic polynomial of the
observe can be defined as follows,

y(s)=s*+182+1s +l,=(s +, ) ©)

Regarding (9), I;,l,and I; (the observer
gain vector) can be calculated. It’s worth
mentioning that ¢, is the bandwidth of the

observer. Therefore, in ADRC there are only
controller and observer bandwidths that should be
tuned. Thereafter, other parameters of ADRC can
be calculated.

2. Modeling and control of three phase inverter
by using ADRC

Consider Fig. 3 which shows an inverter with
output LC filter which is connected to a parallel
RLC load. In this figure, V, and V are terminal

and load voltages respectively. L, and R, are

inductance and resistance of the inductor. C,

represents the capacitance of the capacitor bank and

i is the inductor current. The inductor current
equation is derived as,

LI v, v, ~(R +1,)i

at (10)

where, I, is the resistance of the inverter switch.

By transforming to dg-frame, (10) can be rewritten
as:

Jﬁ inverter

LC filter

} il grid
\

| Load

\

\

(ap)]
)
—

Fig. 3. Three phase inverter with an output LC filter

di . :
Ld—t“= Loi, —(R+1,)ig +Vyy Vg gy

di, i .
LE:_La)Id —(R +I‘On)|q +Vy Vg (12)
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where, @ is the angular frequency of the system
and d and g indices depict the values of
parameters in 0 and q axes respectively.

Based on average model of the inverter proposed in
[21], V4 andV,, are

V

Vi (t)= ;C my (t) (13)
V

th (t): ;C m (t) (14)

here, M,and M, are the inverter modulation

signals. Due to the presence of L@ terms in (10)
and (11), dynamics of id and iq are coupled. To

decouple the dynamics, m, and m, are defined

as
2 .
m, =—— (u, —Lal_ +V
d VDC ( d q sd) (15)
2 .
m, :—(uq +Lal, +Vsq) (16)

DC

where, Ugand U, are two new control input

signals. Substituting for m and m, in (11) and
(12), respectively, from (15) and (16) and also
using (13) and (14) for th and th respectively,
the following equations can be deduced as,

di .
Ld_td:_(R +1, )iy +Ug 17)

di
Ld_tq:_(R +1,, )i, +U, (18)

Accordingly, (17) and (18) describe the inverter
current dynamics in dq frame. The control inputs (

Uy anduq) should be adjusted in order that the

inner current loop can be used to regulate the
current. These control inputs are the outputs of
ADRC. In the next subsection designing the ADRC
for the inner current loop will be introduced.

A) Designing ADRC for Current Loop

Equations (17) and (18) describe two
decoupled, first-order, linear systems. Based on

(17) and (18), id and iq can be controlled by U,
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anduq, respectively. Fig. 4 shows a block
representation of the d- and g-axis current
controllers of the inverter in which U, and u, are

the outputs of two corresponding controllers.
The simplified block diagram of Fig.4 is

shown in Fig.5. In this figure, b, :l and K p can
L

be adjusted such that the equivalent transfer
function for the current loop is as

G-(S)— 1 _ 1
' % s+1 7S+l (19)
KP

where, 7, is the time constant of equivalent system

of current loop. Hence, tuning of Kp andz; are
identical.

Vsd

Inverter i Reactor

Fig. 4. Current loop structure of ADRC in dg-frame

B) Designing ADRC for Voltage Loop

Referring to Fig. 3, dynamics of the load
voltage are as:

v, . .
C; " =i (20)

By using dg-transformation for (20), the equations
in dg-frame are as,

dv

C, ﬁ:cf (¥ )+ig —ipg @1)
v, o
C, " =—C, (V) +i,—i, (22)

Therefore, the dynamics of V  and Vsq are as
indicated in Fig 6. Based on Fig.6, ADRC can be
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utilized for the outer voltage loop as shown in
Fig.7. By the assumption that employing the
feedforward decoupling signals have fully
decoupled d and g axes, Fig. 8 can be used.

Id_ref Id

Iq_ref q 1

Ls+(R+r,)

(b)

Fig. 5. Simplified block diagram of current loop of ADRC (a)
d-axis (b) g-axis

In this figure, b, = . and K ) and K, can be
i~f

adjusted such that the equivalent transfer function

for the current loop be as

K

G — P
(s) s?+Kps +K, (23)

Therefore, by tuning the parameters the required
transient response of voltage control is achievable.

3. Simulation

Simulations of the system shown in Fig. 2 are
carried out by using Matlab/Simulink, to verify the
proposed control strategy for a three-phase inverter.
Table (1) represents the values of parameters
which are used in simulation.

Designing the controller is the first step
towards controlling the inverter. Based on the
tuning method proposed in [22],

@, =1000rad /s and @, =4000rad /s . For

evaluating ADRC and comparison with Pl, the Pl
controller is also designed by using the method
proposed in [21].

Suppose that at t =0.15S the reference

voltage increases from V, . =400/ to
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Vi o =900V . Then, the load  with

R=83mQ and L =137uH is added in
t =0.25s . Thereafter, at t =0.4s the reference
voltage decreases from V =500/  to

Vi o =400/ . In Fig. 9(a) the three phase

voltage has been shown.
Based on dg-transformation, amplitude of the
reference there phase voltage is defined as,

2 2 2
Vs_ref :Vsd_ref +Vsq_ref (24)

without loss of generality, the simulation is done by

the assumption that VSq o =0.Hence, it can be

concluded that VS_I,ef =V

As indicated in Fig. 9(b), the recovery time of
ADRC is about 8ms while this is about 21ms

for PI controller. Moreover, in t =0.4S the load
condition has changed in comparison with

t =0.15s . However, the response of ADRC has
not changed too much.

ADRC has the potential to eliminate load
changes. Therefore, it provides an opportunity for
inverter to have a sinusoidal output voltage in
diverse load conditions. This is an important factor
for inverters in UPS applications. This issue is
studied by changing the values of RLC which are
represented in Table (1).

In this simulation, the settling time (t,) and

sd _ref *

maximum overshoot (Mo) are measured. By
changing the load, their percentage deviations from
their values in normal load condition are calculated.
It is ideal if both of t, and M, don’t change.
However, changing the load affects these

parameters inevitably. For these reasons another
parameter is considered which is defined as,

D (%) =+/(At,)? +(AM, )? (25)

where, At, and AM  are the percentage

deviation of from their values in normal condition.
Consequently, it is appropriate for the controller if
D can be small as far as possible.

As demonstrated in Fig.10, the effect of load
changes has less influence on the response of
ADRC rather than PI. This is mainly due to the fact
that the observer of ADRC considers the changes in
load current as a disturbance and rejects it. This is a
powerful aspect of ADRC; because just estimations
of parameters exist in industrial applications.
Therefore, it is critical for a controller to work
properly if the parameters change or are not
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estimated accurately. The following simulation
results show the response of ADRC when

inductance and capacitance of the LC filter change.
iLd

’ 1

—idref Tsil
g
25
38
Q
w

- 1

—ioref s+l

Fig. 6. Load voltage dynamics by considering equivalent
system of current loop

l_

—Visdref

solweuAlq
peo1

—Visgret

Fig. 8. Simplified block diagram of voltage loop of ADRC (a)
d-axis (b) g-axis

As shown in Fig. 11(a) and Fig. 11(b), the
effect of LC filter on ADRC is negligible while it
severely affects the response of PI controller.
Therefore, the response of ADRC is independent of
parameters of the LC filter.
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Table.1.
Parameters of the simulated system
Parameters Physical values
R 1Q
L 136,.H
¢ 27.1mF
C, 2.5mF
R, 1.19mQ
|_t 100uH
r, 0.88mQ
Ve 1500v
Switching frequency (f s SkHz
)
600
200
2001
mﬂ%m
600y 0.1 0.2 03 0.4 05
(@
600

T

400 7”- o=
300

200 /
100
—PI
0 —— ADRC
1005 0.1 0.2 0.3 0.4 05

(b)
Fig. 9. Voltage of three phase inverter (a) three phase voltage (

Si

V. ahe ) (D) voltage in d- axis (VSd )
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10. Values of D for different values of RLC

=2 ADRC =PI

0.25Cf 0.5Cf 0.75Cf Cf 1.25Cf 1.5Cf 1.75Cf

@

BADRC ®P|

0.25L 0.5L 0.75L L 1.25L 15L 1.75L
(b)
11. Values of D for different values of (a) Cf (b) Lt
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4, Conclusion

In this paper control of three phase inverters
by using active disturbance rejection control
(ADRC) have been investigated. At first, an
overview of the idea of ADRC is conducted. Then,
a detailed explanation of modeling and control of
inverter by using ADRC has been provided. This is
done by designing ADRC parameters for a double
loop structure. In other words, ADRC is designed
for inner current loop and outer voltage loop. A
case study is used to confirm the advantages of
ADRC over PI.

It is deduced from simulation results that
changing load condition affects performance of
ADRC much less than Pl. Moreover, the effect of
changing LC filter parameters is negligible for
ADRC. This is a promising step towards enhancing
performance of controllers; because there is no
need to access all the detailed information about
parameters. Therefore, it can be concluded that this
controller can be used in the near future instead of
PI controllers.
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