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UDE-Based Current Control Strategy for
LCCL-Type Grid-Tied Inverters

Yonggiang Ye

Abstract—LCL filter is usually used as an interface be-
tween inverters and the grid. However, due to the character-
istics of LCL filter and system uncertainties, it is complex
to design a controller with proper parameters. In this paper,
with LCCL filter, the order of the inverter control system
can be reduced from third order to first order, and an un-
certainty and disturbance estimator based control strategy
for grid-tied inverters with LCCL filter is proposed. Specifi-
cally, the proposed control strategy consists of differential
feedforward, proportional-integral controller, and grid volt-
age feedforward. Moreover, with one-sampling computation
plus half-sampling pulse width modulation delays consid-
ered, a simple and clear tuning algorithm for the proposed
control strategy is presented. Finally, the inverter system
with the proposed control strategy is investigated, and the
effectiveness is supported by the tuning and comparative
experiments with a 2-kW inverter.

Index Terms—Current control, inverter, LCCL filter, tuning
algorithm, uncertainty and disturbance estimator (UDE).

|. INTRODUCTION

S A NECESSARY part of generation system, grid-tied
A inverter plays a very important role in ensuring high-
quality power injected into the power grid. To attenuate the
high-frequency current harmonics caused by the pulse width
modulation (PWM), an LC'L filter is usually used as an in-
terface between an inverter and the grid. Compared with L
filter, LC'L filter has stronger suppression capability for high-
frequency harmonic [1]. However, LCL filter is a third-order
system with a resonance peak, which requires a more complex
injected grid current controller to maintain system stability and
track a periodic signal [2].

LCCL filter, an interesting topology of LC'L filter, is pro-
posed by Shen er al. [3], [4]. In this topology, the order of
the filter (the controlled part) can be degraded from third order
to first order by splitting the capacitor of the LCL filter into
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two parts and selecting reasonable parameters of LC'C'L. The
controller for inverters with LCC'L filter is simple to design,
and the filter holds the suppression capability for high-frequency
harmonics. Although the controlled variable has changed from
the injected grid current to the splitting capacitor current, the res-
onance peak still exists inside LC'C'L filter. To suppress the reso-
nance peak of LC'C'L, lots of methods are available, e.g., passive
damping method [5], active damping method [6], multiple-state
feedback method [7], etc. And the control of the injected grid
current can be achieved by controlling the splitting capacitor
current when the resonance peak suppression method of LCC'L
is designed appropriately. For the injected grid current control,
several strategies exist, such as proportional-integral (PI) con-
trol, proportional-resonant (PR) control, and repetitive control
(RC) [8], etc. Based on the internal model principle, RC and PR
controls can introduce an infinite gain at any specified frequency
to eliminate steady-state error [9], [10], but the robustness of the
controllers is always the short slab.

Relatively speaking, PI control is widely used in industrial
applications because of its simple structure and easiness to im-
plement, although it cannot achieve infinite gain. An effective
approach to compensate the PI control performance and atten-
uate the effect of the grid voltage is grid voltage feedforward
[11], [12]. Furthermore, the selection of controller parameters
is also an issue in the design of PI control. A convenient and
explicit controller design method for PI control is proposed in
[13]. Based on an accurate system model and disturbance in-
formation, the controller parameters can be easily picked out.
However, it is difficult to obtain accurate inverter and distur-
bance models. For example, the order of LC'C L filter cannot be
degraded to first order precisely due to parameter uncertainties.
Therefore, the study of alleviating the effect of uncertainties and
disturbances is necessary.

For uncertainties and disturbances of system, a number of
techniques have been proposed in the past decades, which com-
prise adaptive control [14], sliding mode control [15], distur-
bance observer based control [16], active disturbance rejection
control [17], time delay control [18], and uncertainty and dis-
turbance estimator (UDE) based control [19]. Among them,
the UDE-based control has become a research hotspot because
of its good tracking performance, uncertainty, and disturbance
rejection ability in linear systems [20], [21]. However, to our
best knowledge, there are few studies on UDE-based control
of grid-tied inverters with LC'L filter so far because the full
state of the dynamic system of LC'L should be available in
UDE-based control strategy [22]. Compared with PI controller,

0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-7187-3314
https://orcid.org/0000-0002-6758-1394

4062

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 5, MAY 2018

i 15}
—

I
— —
Inverter M AN
i
N C ()

DC _— ulﬂ

| =1

+
A ug@
1 Rz | -
— i

System Measurements

PWM Generator

System topology of the grid-tied inverter with LC'C'L filter.

Fig. 1.

the cost of UDE-based controller will increase because it
requires extra sensors. In this paper, based on LCCL filter,
the state variable of PI controller and UDE-based controller is
the same. Therefore, the design of UDE-based controller for
LCC L-type inverter is feasible.

In this paper, a UDE-based control strategy for grid-tied in-
verter with LC'C'L filter is proposed, whose inverter topology
is similar to that in [3], excepts that a group of passive damping
resistances are added. According to the characteristics of the
inverter, the design of the UDE-based controller is converted
into the design of parameters «, (3, and k. A UDE-form PI
controller is obtained by selecting proper UDE parameters. Un-
like the traditional PI controller, the UDE-form PI controller
parameters are determined by reference model parameters and
low-pass filter parameters. With one-sampling computation plus
half-sampling PWM delays considered, stability is analyzed and
the range of the controller tuning knob k is made clear. Aiming
at engineering applications, a simple and clear tuning algorithm
is provided. To attenuate the effect of the grid voltage, a feed-
forward method based on LCCL is proposed. The effect of
the delays on the grid voltage feedforward is discussed. It is
revealed that the influence of the delays on the grid feedforward
is negligible. Finally, tuning and comparative experiments are
done on a 2-kW inverter.

The remainder of this paper is organized as follows. In
Section II, the system structure and characteristics of
LCC'L with passive damping resistance are demonstrated. In
Section III, the UDE-based current controller is built and a de-
sign method for the parameters of UDE-based current control
is studied. To suppress the injected grid current distortion aris-
ing from the grid voltage harmonics, a grid voltage feedforward
method for inverter with LC'C'L is proposed. In Section 1V,
experiments and remarks are given to validate the efficacy of
the proposed scheme. Finally, the conclusion for this paper is
provided in Section V.

[I. MODEL OF LCCL FILTER

Fig. 1 shows the topology of a full-bridge single-phase grid-
tied PWM inverter with LC'C'L filter, where DC is the dc source,
ugqe is the dc bus voltage, and wu;, is the input voltage of the
LCCL filter that consists of inverter-side inductor L, grid-side
inductor Lo, inverter-side capacitor C';, and grid-side capacitor
Cy. Ry and Ry in the dashed frame are a group of damping

resistances. 77 is the inductor current of L, 712 is the current
between C and Cy, i» is the inductor current of Lo (or called the
injected grid current), and u,, is the voltage of the grid. Different
from the conventional current control scheme, the proposed
control strategy for LC'C'L is an indirect control method, where
the controlled current is 7o instead of 4.

As proposed in [3], when the parameters satisfy the condition:
L1+ Ly=L,C,+Cy=0C, Ly =vL, Cy =~C, neglecting
Ry, Ry, and the equivalent series resistor of each component,
the transfer function from wu;, to 412 can be expressed as

ilg(S)
uin(s)

y(1—4)LCs* +1
v(1 —~)L2Cs* + Ls

1
=+ (1)

Equation (1) indicates that G;,, _,,, (s) can be degraded from
third order to first order, and the result is similar to that with
a single L filter. Therefore, the injected grid current control
system can be easily optimized, as claimed in [3]. And 1/Ls
is the open loop of the controllable part of the inverter system.
The uncontrolled part of the system, from ¢, to ¢2, can be easily
calculated and expressed as follows:

iQ(S) - 1
i1a(s)  Cylys® +1

Equation (2) is a transfer function with a resonance peak. In
order to attenuate the effect of resonance, a passive damping
resistance Rs is designed to connect in series with C5, which is
shown in Fig. 1. And (2) can be rewritten as

ir(s) 14+ RyCys
ilg(s) o 02L252 +R2025 + 1

Different from (2), the resonance peak does not exist in (3)
when an appropriate Ry is selected. Equation (3) is a trans-
fer function of a second-order low-pass filter, which has unity
steady-state gain without phase lag at power frequency. There-
fore, the control of 5 can be achieved by controlling ;5. Com-
pared with L filter, LC'C'L filter has a stronger high-frequency
attenuation ability. However, the order degradation feature will
not be maintained if only R, is added, so a symmetrical R;
should be designed to connect in series with C', which is also
shown in Fig. 1, and (1) can be rewritten as

Zvs' + 2283 + 738> + Zys+ 1 1
(Z18* + Zys® + Z3s® + Zys+ 1)Ls - Ls

Gim —Uin <S> =

Giz*iu(s) = (2)

3

Giz —i12 (S) =

Gilg —Uiy — (4)

where
Zy = R\*LyCy* Cs
Zy = 2R LyC5Cy + Ry Ry Cy* Cy
Zy = LyCy + R1*Cy* + 2R Ry Oy Cy
Zy = 2R C) + Ry Cs.

As indicated by (4), the transfer function G;, _;,, (s) = 1/Ls
is still valid, when R; + Rs = Rand Ry = «R. For an accurate
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first-order system, it is easy to design a PI controller. However,
(1) cannot always be established because the system parameters
are usually inaccurate. Thus, a UDE-based control strategy for
grid-tied inverters with LC'C'L filter is proposed.

I1l. UDE-BASED CURRENT CONTROL
A. Formation of UDE-Based Current Controller

As the transfer function of LC'C'L filter is (1), the nominal
voltage equation of LC'C'L filter can be derived as

di1o(t)
dt

When the PWM inverter is with unity gain, the state equation
of the grid-tied inverter with LC'C'L filter can be expressed as
follows:

uin(t) = L 5)

z(t) = ax(t) + bu(t) + fz(t) + d(t) (6)

where x(t) =419 (t) is the state variable, u(t) is the control input
variable, f is the unknown dynamic coefficient of the grid-tied
inverter, d(t) is the known and unknown disturbance variable, a
=0,andb=1/L.

For inverters with LC'C'L filter, a desired closed-loop refer-
ence model can be expressed as

i‘m (t) = Qm Ty (t) + bm U, (t) (7)

where x,, (t) = i7,(t) is the desired state variable, w,, (t) is the
desired control input, a,, is the desired coefficient, and b,, is
the desired control coefficient.

The tracking error e(t) between x,, (t) and z(t) can be ex-
pressed as

e(t) = xpy (t) — x(t). (8)

The control objective is to ensure that e(¢) converges to zero.
One available method is to make e(t) satisfy the condition

ét) = (am + k)e(t) ©)

where k is the error feedback gain, and (a,, + k) < 0.
By combining (6)—(9), we can obtain

oy Ty () + by, () — bu(t) — fa(t) — d(t)
= (am + k)e(t).
Then, the control law can be derived as

u(t) = b [amx(t) + by uy, (t) — fz(t) — d(t) — ke(t)]
(1D
where b~ is the inverse of b, fx(t) and d(t) can be unified into
ug4(t), which can be represented as

(10)

Fa(t) + d(t) = ua(t). (12)
And according to (6), u4(t) can be expressed as
ug(t) = @(t) — bu(t). (13)

Equation (13) indicates that the uncertainty and disturbance of
a system can be observed by its system state and control signal.

Following the procedure in [20], when a proper low-pass filter
gy (t) is selected, uq (t) can be approximated by a UDE uge(t) as

ude(t) = Ug (t) * gy (t) (14)

where * is the convolution operator. Then, by substituting (12)
into (11), replacing u,(t) with ug.(t), and taking the Laplace
transform, the control law in s-domain can be obtained as

u(s) = b [ama(s) + byt (5) — uge(s) — ke(s)].

By substituting (13) into (14), and then taking the Laplace
transform, we can have

Uge(s) = [sz(s) — bu(s)] g7 (s). (16)

Combining (15) and (16), a UDE-based control law can be
derived as

15)

U(S) = b_l (lm.’I}(S) + bm U, (S) — k:e(s)

1
1—gr(s)
A simpler control law form can be derived after substituting

the Laplace transform of (8) into (17) and eliminating x(s) as
follows:

— sgyr(s)z(s) 17

ng(S) _ (am + k) 6(5):| )
1—gs(s)

Equation (18) shows that the proposed control law is relevant

to the reference model and low-pass filter g¢(s). Hence, the

design of the controller is transformed to the design of the

reference model and g (s).

To simplify the design of UDE-based control, the reference
model can be choose as a first-order system, whose a,, and
b,, can be set to —« and «. Hence, the transfer function from
U (8) to 2, (8) is /(s + «), where the bandwidth is a.. And
the reference model is strictly stable if o > 0.

The design principle of g (s) is to ensure that it is a strictly
proper low-pass filter that has unity steady-state gain and broad
enough bandwidth [20]. However, an ideal filter is difficult to
obtain for inverters, because the spectrum of disturbance caused
by deadtime and control delay cannot be estimated accurately.
Hence, a first-order low-pass filter is often selected, i.e., gs(s)
= B/(s + ), where its bandwidth is 3. And [ can be set to
cover the spectrum of the major uncertainties and disturbances.

By substituting a,,, and gy (s) into (18), the ultimate form of
the control law can be obtained as

u(s) =L- {sxm (s)+ {(a +08—-k)+ (ask)ﬁ} -e(s)}
(19)
where Lis b~'. Equation (19) shows that the control law consists
of the differential of the reference state, and a conventional PI
control law, shown in Fig. 2. Compared with the traditional PI
control, sz, (s) can improve the dynamic performance of the
system. And the control law only contains known variables and
is independent of unknown dynamics and disturbances.
Furthermore, by substituting the Laplace transform of (12),
the Laplace transform of (14), and (15) into the Laplace trans-
form of (6), a two-degree-of-freedom structure of the system

u(s) = bt sz (s)+ (18)
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response can be obtained as

LI U (8) + 1=95(s) uq(s).

= 20
z(s) s — ap s—a, —k (20)
By substituting the proposed parameters, (20) can be expressed

as

o 1 S

") = et Ot S TR ™

(s). @)

Equation (21) indicates that the closed-loop transfer function
is determined by the reference model and filtered u4(s), which
means that the control law allows decoupling between reference
tracking and disturbance rejection. In other words, the design of
the error feedback gain and filter is decoupled in the frequency
domain [19].

Fig. 3 is a sketch of the magnitude of 1/(s+ o — k),
s/(s + 3), and their products.

As shown in Fig. 3, ug(s) can be attenuated by filter
1/(s4+ a—k) and filter s/(s+ /), which means that the
lumped disturbance ug4(s) will be attenuated over the full band-
width.

B. «, 8, and k Design

«, k, and 3 should be discussed before the tuning algo-
rithm is given. According to Section III-A, « is the corner
frequency of reference model «/(s + «), o — k is the desired
error convergence rate, and /3 is the bandwidth of low-pass filter

(B/(s + [3). Consequently, one basic principle is « > 0, 8 > 0,
and o — k > 0.

The object of the proposed UDE-based control law is to make
x(s) track z,, (s) with zero steady-state error, and the tracking
error convergence rate increases with the increase of @ — k. As
mentioned earlier, an ideal low-pass filter g;(s) should cover
the spectrum of wu4(s), and the disturbance restrain capacity
will be stronger with the increase of 5. Hence, § and o — k
should be large enough, and with the increase of 3 and o — k,
the performance of UDE-based controller becomes better.

However, according to (19), the PI parameters can be ex-
pressed as: k, = (o« —k+ 3) and k; = (o — k) - 8. Too large
[ or a — k will cause instability. Therefore, «, k, and 3 are
limited.

Above all, «, k, and [ are in a trilaterally constrained rela-
tionship. And the design of UDE-based controller is converted
to the adjustment of «, k, and 3. On the premise of that the
system satisfies stability, « — k and (3 should be as large as pos-
sible, which is the basic tuning principle. The tuning procedure
will be complex and inefficient if there are no other constraints
for a — k and 3. Therefore, more constraints are provided as
follows.

1) For a: When « is unreasonable, «/(s + «) will cause
a large phase lag at 50 Hz, which will make the power
factor (PF) fail to meet the requirement. Hence, PF can be
regarded as a constraint condition for «.. The relationship
between « and PF can be expressed as

1

PF = cos ¢ 22)

1+ (THD)?

where ¢ is the phase lag caused by «/(s + «) and THD
is the total harmonic distortion. And the relationship be-
tween « and ¢ can be expressed as

2n f

(p = arctan —— (23)
«

where f = 50 Hz. The combined formula of (22) and

(23) can be expressed as

F = \/ﬁ cos (arctan 1007T> . 24)
It is reasonable and practical to set a lower bound of PF
and upper bound of THD, and then we can derive o from
(24). For this paper, THD = 10% can be regarded as a
reasonable THD ceiling, and an acceptable lower bound
of power factor is PF = 0.9945, and the corresponding «
= 10000 rad/s (this is the ideal case, and the actual PF is
smaller than the ideal one because the delays will impose
small additional phase lag on ().

2) For 3: As indicated in Sections III-A and ITI-B, 3 should
cover the frequency spectrum of u,. However, an exact
spectrum cannot be obtained due to deadtime and control
delay. For inverters, the frequency spectrum of u,; can be
estimated by open-loop simulations, by which 3 can also
be estimated. And the simulated frequency spectrum of

the LC'CL inverter used in this paper is up to the 15th-
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Fig. 5. Transformed block diagram of the UDE-based control system.

order harmonic (i.e., 4710 rad/s), with which 3 can be
approximated as 5000 rad/s.

3) For k: In general, the error feedback gain k£ may be set to

zero when the reference model is stable [20]. But in this
paper, k is necessary because av — k is constrained, and k
can be regarded as the supplement of «v. In other words, k
increases the range of a. Moreover, as mentioned above,
after the control law is established and both « and (3
are fixed, the stability of the system is determined by k.
In digital control systems, there are one-sampling period
computation delay and half-sampling period PWM delay
[6], [23], the resulting PWM inverter gain and open-loop
transfer function are e "°7** K, and e '57:51/Ls
(when K,ym = 1), respectively. The contrastive Bode
diagrams of plant 1/Ls with and without e~1-57+% are
shown in Fig. 4, where e~'°7+% is approximated by a
third-order Pade approximation, which is precise enough
because the conclusions drawn do not change as the order
of Pade increases. Thus, the third-order Pade approxima-
tion is applied in all subsequent analyses. Fig. 4 shows
that the delays have little effect on the magnitude of the
plant, but a significant phase lag is introduced, which will
influence the stability of the system. In this paper, k is
the only parameter that needs to be tuned after « and 3
are fixed in the proposed parameters tuning algorithm,
meaning that the range of k is related to the stability of
the system. To analyze the stability of the system, the
block diagram in Fig. 2 is transformed with the delays
considered, and the result is shown in Fig. 5. According to
the closed-loop transfer function of the system in Fig. 5,
the closed-loop characteristic equation can be derived as

_k s+ _
el5Tss2 4 (a+ B)s+af

0. (25)

2 4
Real Axis

Fig.6. Rootlocus with & = 10 000 rad/s, # = 5000 rad/s, and k varying.
|,
+ |[RCs+1 u.y [ 1 |4
ST + sL,
+| C,s
R,C,s+]

i +T

Block diagram of the feedforward scheme.

Fig. 7.

Then, the root locus of the closed-loop system is shown
in Fig. 6 (in the case of « = 10 000 rad/s and 3 =
5000 rad/s), and the system is stable when 6324 rad/s
< k <10 000 rad/s.

To summarize, «, k, and /3 design procedure can be described
as following.

1) Step 1: Choose o = 10 000 rad/s and set initial k£ = a.

2) Step 2: Select 3 = 5000 rad/s.

3) Step 3: Decrease and adjust k£ from 10 000 to 6324 rad/s
until the tracking performance is optimal.

According to the above-mentioned parameter tuning proce-
dure, o and /3 do not need to be designed precisely, because
k can play a good complementary role in the PI control law
Li(ao+ B —k)+ (o« — k)3/s], and only k needs to be fine-
tuned. This procedure is simpler and clearer, compared with PI
tuning by trial and error.

As previously described, parameters «, (3, and k& of UDE-
based control are limited, which means that the control gain
cannot be infinite in the whole frequency band. Thus, the effect
of power-grid harmonics is a nonignorable issue in the injected
grid current controller design.

C. Grid Voltage Feedforward

Full feedforward schemes of grid voltage can suppress the
injected current distortion arising from the harmonics in grid
voltage [11], [12].

Fig. 7 shows the control block of grid-tied inverter based
on LCCL with grid voltage full feedforward, where G; is
the injected grid current controller, which is L{(a+ 5 — k) +
(a — k)B/s] when w,, =0, Gpr is the transfer function of
the grid voltage feedforward, the feedforward node is the out-
put of G;, u, is the series voltage of C7R; (CsRy) branch,



4066

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 5, MAY 2018

I
|l LCCL
_'|_Controlled Part

UDE-Based +
| Current Controller

Fig. 8. Block diagram of UDE-based current control with feedforward.

and PWM inverter gain K,ym = 1 that has been described in
Section III-A.

According to the full feedforward schemes, to eliminate the
effect of the u, on the injected current 45, u. should be equal to
ug when i}, = 0, and Ggr can be derived as

GiCQS L18

Gre(s) =1+ +
FF(S) 1+ sCyRy ’y(l — ’Y)R + i

(26)

where y(1 — )R + 1/C's is the parallel impedance of the two
CR branches. As indicated in (26), the second feedforward
term G;C5s/(1 + sCy Ry) contains controller G; so the feed-
forward node of the second feedforward term should move to
the left of G;. Then, the UDE-based controller with grid volt-
age feedforward can be represented by Fig. 8, where Gy is
Cys/(1+ sCyRy), and Gy is the sum of the first and third
terms in (26).

In practice, the effect of the delays on the grid voltage feed-
forward should also be analyzed before it is applied. In the
preceding part of this section, the derivation procedure of grid
voltage feedforward is based on Kpwm = 1, and the resulting
Grr does not contain delays. After one-sampling computation
plus half-sampling PWM delays are taken into account, Gp is
converted to G, that can be expressed as

1 Gi CQS
G n = 5
FFn (5) Kpwme 9755 14 5Cy Ry
1 L1 S

+

. 27
prme—l.STss ’7(1 _ 7)R+ i ( )
However, Grg, (s) is noncausal, which cannot be implemented.
Thus, we have to use Gpg(s) instead of G, (s). In order to
study the full feedforward error produced by using Ggg(s) in-
stead of Gpp, (s), we can define the grid feedforward error as

E¢,.(s) that can be expressed as

GFF(S)
Eq..(s)=u, — ——=u
GFF( ) g GFFn(S) 9
where Gre(s)/Gren (s)uy = u., which is shown in Fig. 7. Ob-
viously, E¢,.(s) = 0 when the delays are neglected. And the
transfer function from u, to E¢,,(s) can be represented as
E
G(’(S) _ GFF(S)'

Ug

(28)

(29)
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The Bode plots of G.(s) below the Nyquist frequency with
different delays are presented in Fig. 9 (in the case of a =
10 000 rad/s, 5 = 5000 rad/s, and £ = 8000 rad/s). As indi-
cated by the figure, the delays have an influence on the grid
feedforward, and with the increase of the delay time, the grid
feedforward error gain becomes greater. But on the whole, the
feedforward error gain is small enough, and the gain at 50 Hz is
less than 1 x 1073, Thus, it is reasonable to use G () instead
of Grpy, ($) to implement grid voltage full feedforward.

IV. EXPERIMENTAL VERIFICATIONS

A 2-kW prototype is built to validate the efficacy of the pro-
posed scheme, as shown in Fig. 1. The inverter consists of an
insulated gate bipolar transistor inverter bridge, an LC'C'L filter
with damping resistances, one current sensor for 712, and two
voltage sensors for ug. and u,. Besides, iy is independent of
the control, which is only used to observe the characteristics
of the injected grid current and can be monitored by an oscil-
loscope. The single-phase grid-tied inverter is controlled by a
Quanser QPIDe card, which is connected with a PC running
MATLAB/Simulink and QuanRC. The experimental setup is
shown in Fig. 10 and the parameters of the inverter are listed in
Table I. One can refer to [3]-[5] for detailed design principles
of damping resistances.

Fig. 11 shows the result with the proposed current controller
without voltage feedforward, in the case of a = 10 000 rad/s,
£ = 5000 rad/s, and k = 8000 rad/s. As illustrated in the figure,
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TABLE | - u 25
EXPERIMENT PARAMETERS § re =, THD=4.75%
Parameter Value Parameter Value 3 } \ -
DC bus voltage uqc 380V Inverter-side capacitor C'y 4 uF = / \ i / \ / g !
Grid voltage u, 220V Grid-side capacitor C 6 uF 3 / ¥ \ 2 o
Sampling period T’ 100 s Inverter-side resistance By 12 Q) o \/ \ ="
PWM frequency f. 10 kHz Grid-side resistance Ro 80 = o
Inverter-side inductor L 3.8 mH Time (5 ms/div) 10 Haﬁﬁonic 0,32, b %
Grid-side inductor Lo 2.5mH (a) (b)
Fig. 13. Result of UDE-based control under i}, (s) = 10 A with a =

g (100 V/div)
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Fig. 11.
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Result of UDE-based control without grid voltage feedforward.

(a) Injected grid current i5. (b) Spectrum of the injected grid current.

10 000 rad/s, = 5000 rad/s, and k = 8000 rad/s. (a) Injected grid
current is . (b) Spectrum of the injected grid current.
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Fig. 14.  Result of PI control under i, (s) = 10 A with k, = 17 and £;

= 14400. (a) Injected grid current i5. (b) Spectrum of the injected grid

current.

to be tuned k can be gradually decreased from the initial value
10 000 rad/s to the lower limit 6324 rad/s.
Fig. 12(a) indicates that the injected grid current cannot track

g /ug £\ THD=455% / g /ug /\THD:4.93%
> >
g \ / \ {7l 8 / / \
:ac JII 7 .III \ E” ,ua i / i /
/ % i ‘(1' i f B \ /
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(©)

Fig. 12. Tuning results of UDE-based control with the same o =

10 000 rad/s, 8 = 5000 rad/s, and different k. (a) & = 10 000 rad/s.
(b) k& = 9000 rad/s. (c) k = 7000 rad/s.

the injected grid current is distorted and lags behind the grid
voltage. Then, the grid voltage feedforward is used in all subse-
quent experiments.

A. Tuning of k

To verify the proposed tuning algorithm, a series of tun-
ing experimental results are shown in Fig. 12. According to
Section III-B, the values of o and 3 are set as 10 000 rad/s
and 5000 rad/s, respectively. As the only parameter that needs

the reference current despite that the current wave form is not
badly distorted, and Fig. 12(b) denotes that the control perfor-
mance becomes better when k reduces. Nevertheless, when k de-
creases too much, the system is unstable as shown in Fig. 12(c).

B. Experimental Results

With the proposed tuning process, a set of optimal values can
be eventually obtained, where e = 10 000 rad/s, 3 = 5000 rad/s,
and k£ = 8000 rad/s. To compare with the traditional PI cur-
rent controller with full feedforward of grid voltage, a set of
comparative results are given in Figs. 13 and 14. And PI con-
troller parameters k, and k; are optimal values decided by trial
and error. Compared with PI, the proposed UDE-based control
scheme performs well in terms of THD. Furthermore, compar-
ing Figs. 11 and 13, it can be found that under the same control
parameters, the grid voltage feedforward can significantly im-
prove control performance, which means that the feedforward
is necessary.

Fig. 15 shows that the injected grid current distortions decline
with 7], increasing, and the UDE-based control has obviously
lesser distortion.

Furthermore, to analyze the robustness of the proposed con-
trol strategy, a set of experiments with parameters mismatching
should be done. Without loss of generality, the experiments
of changing L have been chosen to verify the robustness of the
proposed control strategy. According to (19), changing the value
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Fig. 16. THDs of the injected grid current with the variation of L.

of L can be achieved by changing the value of b~! that is equal
to the nominal value of L (6.3 mH). Fig. 16 shows the trend with
L changing from 72% to 119% of the nominal value, implying
that the proposed control strategy is robust to the inductance
mismatching.

V. CONCLUSION

For grid-tied inverter, LC'L filter is widely used to attenuate
the high switching frequency harmonics caused by PWM. How-
ever, due to the characteristic of LC'L filter and uncertainty, it
is complex to design a controller with proper parameters. In
this paper, with LCCL filter, the inverter control system can
be degraded from third order to first order. And a UDE-based
injected grid current control strategy was built. The proposed
strategy unified the system uncertainty and disturbance into the
lumped disturbances, and the closed-loop system adjusted by
PI regulator approached to the reference model. Meanwhile, the
PI controller can be expressed in the error feedback gain, the
desired closed-loop bandwidth, and the approximate lumped
disturbance bandwidth. Moreover, with one-sampling compu-
tation plus half-sampling PWM delays considered, a simple and
clear tuning algorithm for the proposed control strategy was pro-
vided. Finally, the proposed strategy was verified by the tuning
and comparative experiments on a 2-kW inverter.
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