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Abstract—Voltage source converters (VSCs) are one of the
most adopted power converter topologies in power electronic-
based power systems. Over the years, various control strategies
are introduced for grid-connected VSCs, aiming to provide high
quality sinusoidal current generation, bidirectional power flow,
robustness to uncertainties and mismatches, acceptable steady-
state and dynamic performances as well as simplicity and low
computational burden. To meet these goals, this paper proposes a
direct adaptive current control strategy for three-phase PWM-
VSC in grid-connected applications. In the proposed control
method, a simple adaption law for updating the feedback control
gains based on the Lyapunov stability theory is proposed, to
compensate system uncertainties. The performance of the
proposed control method is evaluated under various conditions
by extensive simulation and experimental tests and show that the
method is powerful and robust.

Keywords— Current control, model reference adaptive control,
voltage source converter, grid-connected converters.

I.  INTRODUCTION

Grid-connected power electronic systems are subject to
various uncertainties and disturbances, which may degrade
their performance or even cause instability. Therefore,
developing a control method, which is known as the heart of
power converters, to compensate system uncertainties and
parameter variations, has attracted considerable attention in the
past.

Nowadays, adaptive control methods are known as a
powerful method in applications with unknown and variable
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parameters to successfully compensate system uncertainties. In
these methods, controller gains are continuously updated with
respect to system variations based on an appropriate strategy.
Generally, adaptive control methods can be classified into two
categories [1]; indirect adaptive control (IAC) and direct
adaptive control (DAC). In IAC methods, firstly, an
appropriate online identification method is used for system
parameters estimation; afterward, control gains are updated
based on the estimated values [2]-[14]. As yet, many different
[IACs based on various online identification methods are
presented, like the Luenberger observer [2]-[6], the sliding
mode observer [7], the Kalman filter [8], the neural network
[9], the steepest descent [10], recursive least square estimator
[11], estimator based on immersion and invariance (I&I) theory
[12], and the Lyapunov stability theory [13].

These identification methods add extra computational
burden to the control system. Contrary to the IAC, the DAC
directly updates the controller gains based on a proper adaption
law, without the need for any system identification, which
brings simplicity and reduces the necessary computational
burden [15]-[18]. Another advantage of the DAC over the IAC
is the possibility of the straightforward theoretical stability
analysis. In [16] and [17], a direct adaptive current controller
for an LCL filtered grid-connected PWM-VSC with two
different adaption laws is presented. The adaption law in [16]
is based on the gradient algorithm, which is relatively easy to
implement. However, in this method, the convergence of
controller gains is not ensured. To overcome this problem, a
more complex adaption law, based on the least square



algorithm is proposed in [17]. While the complexity and high
online computational requirements are the major drawbacks,
the necessity of tuning at least five adaption gains and relevant
parameters makes the design process too complicated.
Thereby, commonly these gains are tuned through a trial and
error approach, which is a hard and time-consuming task [17].

In this paper, a simple yet efficient model reference direct
adaptive current control is presented, which only has one
adaption gain in its structure. In the proposed control method
and to compensate for the parameter variations as well as the
system uncertainties, a simple adaption law, based on the
Lyapunov stability theory, for updating the feedback control
gains is utilized. Simple structure, ease of implementation, and
obtaining desirable steady-state and dynamic performance are
offered by the proposed control method, which are confirmed
through experimental validations. The paper is organized as
follows: Firstly, three-phase grid-connected VSC, theproposed
control law, and related equations are described in Section II.
Section III provides analysis regarding closed-loop stability
and control system design. In Section VI, simulation and
experimental validations are presented. Finally, conclusions are
drawn in Section V.

II. SYSTEM EQUATIONS

The power stage of the three-phase grid-connected PWM-
VSC and block diagram of the proposed control method are
shown in Fig. 1. In this structure, an L-type low-pass filter is
employed. Based on this figure, the system equation of VSC in
the vector form can be given by:

di(t)
dt

where L and r; are the filter inductance and its equivalent
series resistance, respectively. Also, i, vg, and v, are the grid
current and voltage vectors, and output voltage vector of the
converter, respectively. Moreover, the proposed control
structure includes a reference model specifying the desired
performance of the converter system, a feedback control with
adjustable gains, and an adaption mechanism for updating the
control gains. In Fig. 1, ivof im, €, ki, and k2 are the converter
reference current, the reference output (output of the reference
model), the tracking error (e = i - i), and control gains,
respectively. The reference model (2) has the same structure as
the plant with the poles and zeros located at the desired
locations to provide the ideal response to the reference signal.
The adaption algorithm (3) adjusts the controller parameters, k;
and k>, so that the response of the converter system, i, becomes
the same as that of the reference model, i,.. In this paper, an
adaption law to adjust the feedback control gains based on the
Lyapunov stability theory is proposed. This ensures zero-
tracking error as well as the convergence of the control gains to
the bounded and take desired values. The proposed control
equations are summarized as (i.e., reference model):

L), 04,1, 0 @

where a,, is the desired closed-loop pole location for this
first-order system, and b,, is selected such that the closed-loop
unity gain at the tracking frequency is achieved (frequency of

v.()=ri(t)+L

+v, (1) (1)

the reference input). Moreover, the proposed feedback control
law and Lyapunov based adaption mechanism for updating the
control gains are:

vc,ref (t) = _kll(t) + kziref (t) + Vg (t)
k=yie (3)
k‘Z = _}/.iref e

where v, is feed-forwarded to compensate the grid voltage
disturbances and, at the same time to simplify the system
modeling and controller design and y is positive adaption gain.
In grid-connected VSC, there is one and a half PWM period
delay between the sampling and application. One sample
measurement delay can be fully compensated using
Luenberger and another conventional observer [3], [6].
Therefore, since only the remaining half sample control delay
is negligible (less than 10 percent of the control period), the
delay has a negligible impact on the control system, and
consequently, it can be safely ignored [1].

III.  CLOSED-LOOP STABILITY ANALY SIS

In order to analysis of closed-loop stability under proposed
control and adaption laws, the Lyapunov stability theorem is
employed in this section.

The dynamic tracking error is defined as:
o) =i() -1, (t) “4)

By replacing (1), (2) and the proposed control law (3) into
(4), the dynamic tracking error is obtained as:

et) = —a,e(t) +y(k—k,) ©)
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Fig. 1. Three-phase grid-connected voltage source converter and block
diagram of the proposed direct adaptive current control scheme

Reference Model (2)




where y and k—k, are defined as:

v=b[-i i,] (6)
k—ky=| o 7
k=)=l ()

where, &, is the nominal value of the controller gains which
are:

a —da
kln: mb
b
k2n: bm (8)
a:r_L’b:l
L L

It is worth noting that due to the uncertainties of the plant
parameters, (8) cannot be directly used for controller
parameters calculation. So, to fine-tune the control gains,
adaption law must be employed.

The differential equation (5) contains adjustable parameters
(k) and dynamic tracking error (e). So, the main goal is to
select a proper Lyapunov function and afterward examine the
stability of the closed-loop system under proposed control law.
One solution for the positive-definite Lyapunov function is [1]

V(ek)=05[e +(k—k) T (k—k,)] 9)
where T' is a positive matrix as
"0
r= {7 } >0 (10)
0 vy

To be a Lyapunov function, the time derivative of (9),
defined in (11), must be negative-definite.

Viek)=-a,e" +(k—k,) [T 'k+y'e] (11)

By assuming y = y'b and substituting the adaption law of

(3) into (11), the time derivative of the Lyapunov function can
be simplified as:

V(ek)=-a,e (12)

So, while e is not zero, the time derivative of the Lyapunov
function is negative-definite, which translates to V(¢) < V(0) for
t > 0. Therefore e, k, and y in (11) are all bounded. Moreover,
using the Barbalat’ s lemma, one has [1]

V(e,k)=-2a,e(~a,et)+y(k—k,)) (13)

This is bounded since e, &, and y are bounded. This implies
that V(e,k) >0 as t —>o and subsequently e(r)—0 [1].
Consequently, (9) is a Lyapunov function, and the overall
control system under the adaption law of (3) is asymptotically
stable. Also, e(#) - 0 and all signals are bounded.

IV. RESULTS AND DISCUSSIONS

To validate the performance of the proposed control
method, simulation and experimental tests are performed under
various operating conditions. Table I summarizes the studied
system specification and the employed control parameters,
which are identical for both simulations and experiments.

To further illustrate the effectiveness of the proposed
method, a comparison is made with the well-known
proportional-resonant (PR) current control technique as
described in [19]-[20]:

s

GPR (s)= kp + k[ )

s’ +20,5+ 0

where, &y, ki, ., and @ are proportional gain, resonant gain,
cutoff frequency, and resonance frequency, respectively.
Control gains of the PR current control are calculated using the
design algorithm of [20] and system parameters in Table 1. To
do this, the closed-loop bandwidth and PM are selected as 4000
rad/s and 41°, respectively.

The steady-state performance of the proposed and the PR
control methods are investigated and shown in Fig. 2. As can
be seen, the three-phase grid currents (iusc) with an ideal grid
voltage (vgq) are shown in this figure. Fig. 2 shows how both
control methods can produce high-quality sinusoidal output
currents with minimum distortion.

It is worth noting that the results of the proposed method
are achieved without full knowledge of the inductor
parameters. The control gains k; and k. are obtained from the
adaption law (3) with at least 50% errors for the initial
conditions. In contrast, the PR control method needs nominal
values of the filter parameters in the design step, and its good
performance in tests is achieved under nominal conditions.

Therefore, any changes in system parameters may affect its
performance. To examine this issue, the transient performance
of the proposed and the PR control methods under various step
changes in the references current is studied in Fig. 3, when the
inductance value is different from the initial design value of the
PR controller.

TABLE 1. SYSTEM SPECIFICATION AND PARAMETERS
Nominal power 5 [kVA]
Line voltage (rms) 400 [V]
Grid frequency 50 [Hz]

Inductor (L) and the series resistance () 5 [mH], 0.25 [Q]
DC-link voltage (V) 700 [V]
Sampling and switching frequencies 10 [kHz]

Control Parameters

s, b 4000 [rad/s], 4012.3
v 20

Kin, kon 19.8 [Q], 20.1 [Q]

lp, ki 22 [Q], 10000 [Q/s]
o8 1 [rad/s]




In Fig. 3, the filter inductance is increased by +60%, and Togorevu__| . . .
due to the presence of this uncertainty, the grid current under :
the PR control method encountered an overshoot (OV = Vea
11.2%) during a step-change in the reference current. Besides
the existence of the current OV, the current error lasts longer
than expected from the nominal test when the reference current
returns to zero. While the proposed control method keeps the
desired system performance under these conditions, and the
grid currents will successfully follow the desired system
response.

THD=1.4%

Moreover, it is remarkable that the effect of the grid

inductance variation can be considered as uncertainty in the SA/div

I 100V/div

filter inductance. Therefore, the same conclusion can be drawn Ams/div
from Fig. 3 to confirm the system's robustness against the grid tofstop | : s .
inductance uncertainties. THD~1.4%

The most severe transient situation occurs at the startup,
which is shown in Fig. 4. Clearly, following the startup
command, the grid current quickly changes from 0 to 7.25
Arms with minimum waveform distortions that confirms a fast
and smooth startup of the proposed adaption and control
methods. Also, the estimated control gains converge to the
nominal values. However, they differ slightly from the nominal
ones, since the correct values of the inductance and series
resistance of inductor filter are not precisely known in practice.

I 5A/div
A——
4ms/div

Fig. 2. Experimental results showing the steady-state performance of the
proposed (above) and PR (bottom) control methods (P = 5 kW)

OV(%) = iabc,PR
11.2%

[abc,l‘ef -

f‘5ms/div A

1A/div

L i i i y

Reference input (i ref)
----- Reference output (output of the reference model) (iupc,m)
—— Grid current under proposed control method (ius, roposed)
—— Grid current under PR control method (i, pr)

Fig. 3. Simulation results showing the transient performance, (Q = 0 Var, y = 20) when inductance value is changed from the initial design of the PR controller
(L=1.6Ln (8 mH))
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Fig. 4. Experimental results showing the startup performance of the proposed
method (Q = 0 Var). above: three-phase grid currents, and bottom: control
gains convergence

V. CONCLUSIONS

In this paper, a direct adaptive current control for grid-
connected VSCs is proposed. In the proposed control method
and in order to compensate for system uncertainties, control
gains are adapted with respect to uncertainties. The adaption
law is obtained based on the Lyapunov stability theory. In this
paper, the stability of the whole system, output tracking, as
well as convergence of the controller gains to desired values
are verified. A simple concept with a good analytical support,
low computational burden, superior steady-state performance,
and good dynamic performance are the most important features
of the proposed control method that are confirmed by extensive
simulation and experimental tests. Moreover, it should be
mentioned that the proposed control method can easily be used
for VSC based power applications such as single-phase PVs,
wind turbines, and active power filters.
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