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Abstract—With the growing penetration of renewable energy
sources, distribution network protection and stability are of great
importance. This article aims to propose a current limiting control
scheme with antidisturbance properties to improve the reliability
and power quality of stand-alone three-phase inverters under mul-
tiple load conditions (including balanced loads, unbalanced loads,
and nonlinear loads). A benchmark controller is designed first to
achieve voltage regulation and overcurrent protection targets un-
der relatively ideal conditions (e.g., only subject to constant distur-
bances caused by parameter perturbation or linear balanced load
switching). Then, considering the unbalanced and nonlinear load
conditions, two composite disturbance observers are constructed to
estimate the large-scale, fast-varying harmonic disturbances intro-
duced by the multiple loads. Based on the disturbance estimates
and the benchmark controller, a composite current-constrained
control scheme with rigorous stability analyses is proposed. The
innovative control scheme ensures good output voltage quality
and strictly guarantees overcurrent protection, which is validated
by the simulations and experiments. Last but not least, extended
current limiting control schemes to broaden the application range
and enhance the control performance are presented.

Index Terms—Composite control scheme, current limiting,
harmonic suppression, mismatched disturbances, multiple load
conditions, three-phase inverters, voltage regulation.
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I. INTRODUCTION

A S the foreseen exhaustion of fossil fuels and environmental
degradation, considerable worldwide efforts have been

made to develop more renewable energy sources (e.g., wind,
solar photovoltaics, hydropower, bioenergy, and ocean power).
Three-phase inverter-interfaced distributed generation systems
have emerged as a practical approach for integrating renewable
power generations into the distribution network operating in
grid-connected or stand-alone modes [1], [2], [3]. In the grid-
connected mode, three-phase inverter systems aim to respond to
the power demand from the upstream distribution grid [4], [5],
[6]. While during stand-alone operation, three-phase inverters
are isolated from the grid, and the highest priority is to supply
reliable and high-quality power to local loads [7], [8], [9]. Many
advanced control methods have been proposed to enhance reg-
ulation efficiency and power quality [10], [11], [12], [13], [14],
such as adaptive control, sliding mode control, backstepping
control, and observer-based control. Besides voltage regulation
and power quality issues, overcurrent protection is necessary
for stand-alone three-phase inverters since the overlarge current
induced by machine starting or short-circuit fault may damage
the power semiconductor devices.

Several current limiting strategies have been proposed for the
inverter systems [15], [16], [17], [18], [19], mainly based on the
cascade control structure (outer voltage loop and inner current
loop). They can be categorized into two groups: instantaneous
saturation limit and latched limit. The former limiter prevents
overcurrent by placing a saturation unit in the output of the
voltage controller and setting prescribed saturation values of
the current reference. The latter limiter replaces the current
reference with a predefined safe value during overcurrent con-
ditions. Although the two types of current limiting strategies
are simple to implement and have broad applications, they still
have some defects: 1) During overcurrent stages, the inverter
opens the voltage control loop and switches to current control
mode (CCM), which loses the voltage controllability and leads
to voltage deviations or even overvoltage; 2) In the case of a
sinusoidal input signal (including the current reference signals
in the natural reference frame (NARF) or the stationary reference
frame (STRF) and the signals in the synchronous reference
frame (SYRF) during unbalanced conditions), the output is
distorted due to crest clipping, which deteriorates the voltage and
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current waveforms and causes poor power quality. Therefore,
designing a novel current limiting strategy to strengthen the
voltage control ability and improve the power quality throughout
the operation is essential and investigated emphatically in this
article.

Directly voltage-controlled noncascade control structure
eliminates the current control loop and can provide direct and
continuous voltage control. Compared with the cascade control
structure, it is more concise and is expected to have a faster
transient response [16], [20], [21]. However, without the inner
current control loop, the current limiting task is more challeng-
ing. Moreover, multiple load conditions (including balanced
loads, unbalanced loads, and nonlinear loads) exacerbate this
control problem: 1) Under the noncascade control structure,
the inner states (i.e., inductor currents of the three-phase in-
verter) are difficult to control directly. Overcurrent protection
becomes a vital issue [22]. 2) Different loads have different
characteristics and affect the system differently. Generally, lin-
ear balanced load switching derives constant disturbances, and
unbalanced/nonlinear loads introduce large-scale, fast-varying
harmonic disturbances [23], [24], [25]. Designing a control
scheme that considers these loads simultaneously and main-
tains good power quality is demanding. In addition, the load
disturbances are mismatched under the noncascade control
structure, which cannot be directly compensated [26]. 3) The
load disturbances inevitably influence the currents via the same
channels, and the couplings between currents and disturbances
make both overcurrent protection and disturbance rejection more
complicated.

To realize overcurrent protection, conventional noncascade
control schemes usually select conservative control parameters
to avoid excessive currents. However, the dynamic performance
is sacrificed [27]. Some elegant noncascade control schemes
have been proposed to accomplish control tasks under state con-
straints, such as invariance set (IS) principle-based control [28],
[29], barrier Lyapunov function (BLF) based backstepping con-
trol [30], [31], and model predictive control (MPC) [32], [33],
[34]. IS principle-based controller constrains states by construct-
ing a particular Lyapunov function. States starting from the IS
always stay within it. Because it highly depends on the Lyapunov
function, it is skillful to get the maximum positive IS [35].
BLF-based backstepping controller restricts states by designing
an appropriate BLF, which contains the constrained states and
tends to infinity once the states approach the constraints. Due
to the backstepping mechanism, the virtual controllers should
be limited within the constrained domain, making the parameter
selection considerably conservative [36]. MPC accomplishes the
task by minimizing the cost function containing the constrained
states. Nevertheless, this way is considered to be soft as it
performs an indirect way to constrain states [37].

Nowadays, some simple and effective state-constrained con-
trol schemes have been proposed [38], [39]. The constraint
mechanism is established by introducing a nonlinear penalty
term into controller gains. If the states tend to the constraint
boundaries, the penalty term tends to infinity, and the control
inputs increase automatically. In this manner, the control action
drags back the states and guarantees that the constraint is always

satisfied. To promote this method and improve performances un-
der disturbances, several control schemes combining the nonlin-
ear penalty term design method and the feedforward disturbance
compensation technology have been put forward [40], [41].
In [40], the speed control of a permanent magnet synchronous
motor (PMSM) with current constraints and time-varying distur-
bances is investigated. Although it addresses the problem well
from the application viewpoint, it does not provide rigorous
stability analysis. Dai et al. [41] scrutinizes the current constraint
and mismatched disturbance rejection problem of PMSMs and
provides strict stability analysis. However, only constant distur-
bances are handled, and the time-varying harmonic disturbances
introduced by unbalanced and nonlinear loads can not be well
compensated and suppressed.

To tackle the aforementioned problems, a new current limiting
control scheme based on the noncascade control structure is
designed, including composite disturbance observers (CDOs)
and a composite current-constrained controller. Compared with
existing results, the main contributions of this article are three-
fold:

1) A novel current limiting control scheme for three-phase
inverters is proposed. Unlike most current limiting strate-
gies that have to switch to CCM and constrain the current
reference during overcurrent stages, the proposed scheme
inherits a desired current limitation at all times without ad-
ditional mode switching or saturation unit. Moreover, the
proposed scheme ensures that output voltages are always
under control, which enhances voltage controllability and
improves power quality.

2) Multiple load conditions are analyzed and handled within
the current limiting framework. CDOs are constructed to
estimate the constant load disturbances and fast-varying
harmonics. With the proposed feedforward compensation
based on the disturbance estimates, fast voltage recovery,
and harmonic suppression under multiple load conditions
are achieved.

3) From a theoretical perspective, the proposed control
scheme further expands the types of mismatched distur-
bances (including mismatched constant and time-varying
disturbances) handled under the nonlinear penalty term-
based control frame. Besides, a novel Lyapunov function is
designed to analyze the stability of the closed-loop system
with nonlinear penalty terms and mismatched multiple
disturbances, which provides a potential analytical tool
for similar systems.

The rest of this article is organized as follows. Section II
provides some preliminaries. Section III presents the design pro-
cess in detail. Section IV gives the simulation and experimental
results. Finally, Section V concludes this article.

II. PRELIMINARIES

In this section, the dynamic model of the stand-alone three-
phase inverter is presented, and the control problems (voltage
regulation, overcurrent protection, and multiple load conditions)
studied in this article are also described in detail.
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Fig. 1. Circuit diagram of a typical three-phase inverter system.

A. Dynamic Model of Three-Phase Inverters

A typical stand-alone three-phase inverter system is shown in
Fig. 1, which is composed of a direct current (DC) voltage source
Vdc, three insulated gate bipolar transistor (IGBT) half-bridges,
an output filter (L and C), and local loads.

The dynamic model of the three-phase inverter in the SYRF
is formulated as⎧⎪⎪⎨

⎪⎪⎩
v̇Ld = ωvLq +

1
C iid − 1

C iLd

i̇id = ωiiq − 1
LvLd +

1
Lvid

v̇Lq = −ωvLd +
1
C iiq − 1

C iLq

i̇iq = −ωiid − 1
LvLq +

1
Lviq

(1)

where vLd and vLq are the dq-axis load voltages (i.e., controlled
outputs), iid and iiq are the dq-axis inductor currents (i.e.,
constrained states), vid and viq are the dq-axis inverter voltages
(i.e., control inputs), iLd and iLq are the dq-axis load currents,
ω is the electric angular frequency (ω = 2πf ), and f is the
fundamental frequency.

B. Problem Formulation

1) Overcurrent Stress: In practical operations, overcurrent
protection is necessary since the power semiconductor switches
are vulnerable and highly susceptible to excessive currents.
Meanwhile, machine starting, short-circuit fault, or even large
control inputs for fast output regulation make the overcurrent
phenomenon appear frequently. Corresponding to the inverter
model (1), the control objective for overcurrent protection is to
limit the inductor currents iid and iiq flowing through switches
within safe constraints throughout the entire operation process.

In the NARF, the maximum current of each phase should be
less than the maximum allowable peak current (PC) Imax [4],
[5]. Imax is determined during the design process of the inverter
and is usually set between two or three times the rated current of
the inverter system [15], [16], [17], [18], [19]. In this article, the
value is selected as two times the rated current IN . In the SYRF,
the d-axis and the q-axis current limiting values should satisfy:
I2d−limit + I2q−limit = I2max. In Ref. [18], Id−limit and Iq−limit

are set as Imax and 0, respectively. In this article, the current
constraints are established as{|iid| < Id−limit, |iiq| < Iq−limit

subject to
√

I2d−limit + I2q−limit = Imax = 2IN
(2)

Define −M1 = M2 = Id−limit and −M3 = M4 = Iq−limit, the
current constraints are transformed into M1 < iid < M2 and
M3 < iiq < M4.

2) Multiple Load Conditions: Stand-alone three-phase in-
verters have extensive applications, such as aerospace, ship
power, microgrids, and household appliances. Different appli-
cations require the three-phase inverter to carry different types
of loads, which puts higher requirements on the reliability and
power quality of the inverter. This article focuses on the per-
formance improvement of inverter systems with different load
conditions and tries to enhance the voltage recovery speed after
load switchings and the harmonic suppression capability under
unbalanced loads and nonlinear loads.

During each load switching, load currents iLd and iLq are
disturbed first and, in turn, impact the whole system. iLd and iLq

are regarded as disturbances to model the influence caused by
the load variations. For unbalanced loads and nonlinear loads,
harmonic load currents are introduced, which in turn induces
output voltage distortion. In the SYRF, open-loop controlled
three-phase inverters with unbalanced loads output voltages con-
tain DC components and second-order harmonic components,
and the output voltages with nonlinear loads contain DC compo-
nents and 6n-order harmonic components (n ∈ Z

+). Controllers
should be able to eliminate these fast-varying harmonic compo-
nents to reduce the total harmonic distortion (THD) value and
improve the output voltage quality.

3) Overall Control Objective: According to the above-
mentioned, the control objective of this article is to design a
control scheme such that the output voltages vLd and vLq track
reference voltages accurately and quickly, even under multiple
load conditions. Meanwhile, overcurrent protection (2) should
be always guaranteed.

Denote v∗Ld and v∗Lq as the reference signals, which are DC
input signals. Define voltage tracking errors x1 = v∗Ld − vLd

and x2 = v∗Lq − vLq . Besides, define x3 = −ωv∗Lq − iid/C and
x4 = ωv∗Ld − iiq/C. The system (1) is transformed into

⎧⎪⎪⎨
⎪⎪⎩
ẋ1 = ωx2 + x3 + d1
ẋ2 = −ωx1 + x4 + d2
ẋ3 = ωx4 − 1

CLx1 + ( 1
CL − ω2)v∗Ld − 1

CLvid
ẋ4 = −ωx3 − 1

CLx2 + ( 1
CL − ω2)v∗Lq − 1

CLviq

(3)

where d1 = iLd/C, d2 = iLq/C are disturbances. d1 and d2 are
mismatched and cannot be directly compensated for the reason
that they are in different channels from the control inputs vid and
viq. Moreover, d1 and d2 contain multiple components, which
can be decomposed into d1 = d1c + d1h, d2 = d2c + d2h. d1c
and d2c are constant components. While, d1h = A1sin(α1ωt+
ϕ1) and d2h = A2sin(α2ωt+ ϕ2) are harmonic components,
where A1, A2 are unknown amplitudes and ϕ1, ϕ2 are unknown
phases. α1, α2 are the orders of these harmonics, which can
be obtained by the spectrum analysis technology in practical
applications. In addition, because the current states x3 and x4

are in the same channels with d1 and d2, the couplings between
them make the current limiting and antidisturbance targets more
challenging.
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III. MAIN RESULTS

This section presents the proposed current limiting control
scheme, including two parts. In the first part, a benchmark
controller is designed based on the conventional proportional-
integral-derivative (PID) control method to realize voltage regu-
lation and overcurrent protection tasks in some scenarios. To fur-
ther improve power quality and suppress harmonics introduced
by unbalanced/nonlinear loads, a composite current-constrained
controller is proposed in the second part.

A. Benchmark Controller Design

According to the control-oriented model (3), a PID controller
with precise feedback compensation is designed first⎧⎨
⎩
vid = fd(x) + CL

[
k1x1 + k3x3 + kI1

∫ t

0 x1(τ)dτ
]

viq = fq(x) + CL
[
k2x2 + k4x4 + kI2

∫ t

0 x2(τ)dτ
] (4)

where k1, k2 > 0, kI1, kI2 > 0, and k3, k4 > 0 are the control
gains of the proportional terms, integral terms, and derivative
terms, respectively. fd(x) = ωCLx4 − x1 + (1− ω2CL)v∗Ld

and fq(x) = −ωCLx3 − x2 + (1− ω2CL)v∗Lq are the feed-
back compensation terms, which eliminate the effect of ωx4

on x3 dynamics and −ωx3 on x4 dynamics and help decouple.
From the current constraints (2), M1 < iid < M2 and

M3 < iiq < M4. For the transformed system (3), the con-
straints accordingly become N3 < x3 < N3 and N4 < x4 <
N4, where N3 = −ωv∗Lq −M2/C, N3 = −ωv∗Lq −M1/C,
N4 = ωv∗Ld −M4/C and N4 = ωv∗Ld −M3/C.

Based on the basic controller (4) and the nonlinear penalty
design idea, the benchmark current limiting controller (CCPID)
is designed as⎧⎪⎪⎨

⎪⎪⎩
vid= fd(x) + CL {k1x1 + [k3 + gd(x3)]x3}

+CLkI1
∫ t

0 x1(τ)dτ
viq= fq(x) + CL {k2x2 + [k4 + gq(x4)]x4}

+CLkI2
∫ t

0 x2(τ)dτ

(5)

where gd(x3) = l1/((N3 − x3)(x3 −N3)) and gq(x4) =
l2/((N4 − x4)(x4 −N4)). The current limiting mechanisms
are established through the two nonlinear penalty terms gd(x3)
and gq(x4). When the currents approach the constraint bound-
aries, the terms become larger automatically, and the gains of the
derivative terms increase accordingly. With the increasing effect
of lead correction, the current states x3 and x4 are dragged away
from the boundaries, and overcurrent protection is achieved.

Since the benchmark controller (5) is designed under the di-
rectly voltage-controlled noncascade control structure, no mode
switching and saturation unit is required, and voltage regulation
and overcurrent protection are maintained all the time, which
improves the voltage quality and system safety. Moreover, the
benchmark CCPID controller is revised based on the PID con-
troller, which is simple to implement.

B. Current Limiting Control Scheme Design

The benchmark CCPID controller (5) can accomplish the
control objective in some relatively ideal scenarios as the PID

control utilizing feedback regulation achieves zero steady-state
error tracking only with constant disturbances (e.g., parameter
perturbation or linear balanced load switching). For the large-
scale, fast-varying harmonic disturbances caused by unbalanced
and nonlinear loads, it is challenging to finish the antidisturbance
task directly and quickly, and it fails to stop voltage fluctuations.
In this section, a new current limiting control scheme is designed,
with voltage tracking and current constraint functionalities as the
benchmark controller (5). Furthermore, it enhances antidistur-
bance capabilities and suppresses harmonics.

1) CDO Design: Based on the transformed system (3), two
CDOs are designed for the disturbance estimation of the d-axis
subsystem and the q-axis subsystem, respectively.

⎧⎪⎪⎨
⎪⎪⎩
η̇i,1 = hi + ηi,2 + ηi,3 + βi,1(xi − ηi,1)
η̇i,2 = βi,2(xi − ηi,1)
η̇i,3 = αiωηi,4 + βi,3(xi − ηi,1)
η̇i,4 = −αiωηi,3 + βi,4(xi − ηi,1)

(6)

where i = 1, 2, η1,1, η1,2, η1,3, and η1,4 are estimates of d-axis
components x1, d1c, d1h, and ḋ1h/(α1ω), η2,1, η2,2, η2,3,
and η2,4 are estimates of q-axis components x2, d2c, d2h,
and ḋ2h/(α2ω), h1 = ωx2 + x3, h2 = −ωx1 + x4.
βi,1, βi,2, βi,3, βi,4 are observer gains to be determined.

Denote estimation errors ei,1 = ηi,1 − xi, ei,2 = ηi,2 −
dic, ei,3 = ηi,3 − dih, ei,4 = ηi,4 − ḋih/(αiω), i = 1, 2. Tak-
ing time derivatives of the estimation errors, from (3) and (6),
the estimation error systems are obtained

Ėi = HiEi + σi (7)

where i = 1, 2, Ei = [ei,1, ei,2, ei,3, ei,4]
T , σi =

[0,−ḋic, 0, 0]
T and Hi =

⎡
⎢⎢⎢⎣
−βi,1 1 1 0

−βi,2 0 0 0

−βi,3 0 0 αiω

−βi,4 0 −αiω 0

⎤
⎥⎥⎥⎦.

Proposition 1: If the observer gains βi,1, βi,2, βi,3, βi,4 of the
CDOs (6) are selected to make Hi in (7) be Hurwitz matrices,
then the estimation errors asymptotically converge to zero, i.e.,
limt→∞ ei,j(t) = 0 (i = 1, 2, j = 1, . . . , 4).

Proof: See Appendix A. �
Remark 1: The observer gains are selected by assigning rea-

sonable observer poles (i.e., p1 of H1 and p2 of H2). Generally,
the farther the poles are set, the faster the disturbances are esti-
mated, but the more noise is introduced accordingly. Moreover,
overlarge observer gains may induce overshoot. Therefore, the
poles should be assigned appropriately, considering the tradeoff
between the estimation speed and these defects.

For simplicity, denote d̂1 = η1,2 + η1,3, d̂2 = η2,2 + η2,3,
ed1

= e1,2 + e1,3, and ed2
= e2,2 + e2,3.

2) Composite Current-Constrained Controller Design: As
the constrained states (x3 and x4) and the mismatched dis-
turbances (d1 and d2) are both in the dynamics of the voltage
tracking error (ẋ1 and ẋ2), in the steady state, x3 = −ωx2 − d1
and x4 = ωx1 − d2. Overlarge disturbances inevitably lead to
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constraint (i.e., N3 < x3 < N3 and N4 < x4 < N4) unsatis-
faction. Hence, the following assumption is made for the mis-
matched disturbances.

Assumption 1: The maximum absolute values of the distur-
bances (d1(t) and d2(t)) are smaller than the minimum abso-
lute values of the constraint boundaries (min{|N3|, |N3|} and
min{|N4|, |N4|}).

Remark 2: For the d-axis subsystem, because the reference
voltage of the q-axis is zero, the minimum absolute value of
the d-axis constraint boundary equals Id−limit/C and is defined
as N3_m. Based on the inverter system (1), i∗id/C = i∗Ld/C at
steady state (i∗id and i∗Ld are the steady-state values under rated
conditions). Since the constraint value is two times the rated
current, the current induced by the load disturbance d1 can
be two times the nominal load current, which covers a wide
range of load conditions. In terms of the q-axis subsystem,
i∗iq/C = ωv∗Ld + i∗Lq/C at steady state under rated conditions.
The minimum absolute values of the q-axis constraint boundary
isN4_m = ωv∗Ld + Iq−limit/C, andd2 = iLq/C. Because of the
coupling term ωv∗Ld, the q-axis assumption is more accessible
to satisfy than the d-axis.

Based on the benchmark controller (5) and the disturbance
estimates obtained from the observers (6), a composite current-
constrained controller (CDOB-CC) is designed as⎧⎨
⎩
vid = fd(x)+CL

{
k1x1+[k3 + gd(x3)] (x3+d̂1) +

˙̂
d1

}
viq = fq(x)+CL

{
k2x2+[k4 + gq(x4)] (x4+d̂2)+

˙̂
d2

}
(8)

where k1, k2, k3, k4, l1, and l2 are positive control parameters.
Remark 3: Unlike the benchmark CCPID controller (5),

which uses the integral action to eliminate disturbance-
induced deviations, the CDOB-CC controller rejects distur-
bances through feedforward compensation. Without the integral
terms of accumulating errors for correction and directly com-
pensating the disturbance estimates into the internal states (i.e.,
x3 + d̂1 and x4 + d̂2), the CDOB-CC controller achieves better
disturbance rejection performance. Further, different from the
integral action that fails to handle voltage fluctuations caused by
harmonics, the CDOB-CC controller can effectively suppress
harmonics with harmonic estimation by the CDOs and the
feedforward harmonic compensation.

Substituting the controller (8) into the system (3), the closed-
loop system is expressed as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ẋ1 = ωx2 + x̃3 − ed1

ẋ2 = −ωx1 + x̃4 − ed2

˙̃x3 = −k1x1 −
[
k3 +

l1
(N31−x̃3)(x̃3−N31)

]
x̃3

˙̃x4 = −k2x2 −
[
k4 +

l2
(N41−x̃4)(x̃4−N41)

]
x̃4

(9)

where x̃3 = x3 + d̂1, x̃4 = x4 + d̂2, N31 = N3 + d̂1, N31 =
N3 + d̂1, N41 = N4 + d̂2, N41 = N4 + d̂2. Denote X =
[x1, x2, x̃3, x̃4]

T , the closed-loop system (9) is rewritten as

Ẋ = AX +B1ζ3(x̃3) +B2ζ4(x̃4) + J1ed1
+ J2ed2

(10)

Fig. 2. Control block diagram of the proposed control scheme.

where A =

⎡
⎢⎢⎢⎣

0 ω 1 0

−ω 0 0 1

−k1 0 −k3 0

0 −k2 0 −k4

⎤
⎥⎥⎥⎦, B1 = [0, 0,−l1, 0]

T ,

B2 = [0, 0, 0,−l2]
T , J1 = [−1, 0, 0, 0]T , J2 = [0,−1, 0, 0]T ,

ζ3(x̃3) = x̃3/((N31 − x̃3)(x̃3 −N31)), ζ4(x̃4) =
x̃4/((N41 − x̃4)(x̃4 −N41)). Besides, define C1 = [0, 0, 1, 0]
and C2 = [0, 0, 0, 1], then x̃3 = C1X and x̃4 = C2X .

Based on the above control design process, the main result of
this article is given as follows.

Theorem 1: Consider the stand-alone three-phase inverter
system (1) under the observers (6) and the controller (8). If
the initial currents are satisfied iid(0) ∈ (M1,M2), iiq(0) ∈
(M3,M4), the Assumption 1 is met and the observer gains
and the control parameters are selected to satisfy the following
conditions:

a) the observer gains βi,1, βi,2, βi,3, βi,4 of CDOs (6) are
chosen to make estimation error system matrices Hi, i =
1, 2 (in (7)) Hurwitz matrices;

b) the control parameters k1, k2, k3, k4 of controller (8) are
chosen to make the closed-loop system matrix A (in (10))
Hurwitz matrix, and the control parameters l1 and l2 are
selected to make b (which is given below) positive.

Then, the states of the closed-loop system (10) asymptotically
converge to zero. Meanwhile, the current constraints are always
guaranteed.

Proof: See Appendix B. �
The control block diagram is shown in Fig. 2.

IV. SIMULATIONS AND EXPERIMENTS

In this section, the performances of the proposed current
limiting control scheme are tested by simulations and experi-
ments. The benchmark CCPID controller (5) and the CDO-based
controller (CDOBC) are also tested. The CDOBC controller is
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TABLE I
PARAMETERS OF THE THREE-PHASE INVERTER SYSTEM

TABLE II
CONTROLLER PARAMETERS FOR SIMULATIONS

constructed as⎧⎨
⎩
vid = fd(x) + CL

[
k1x1 + k3(x3 + d̂1) +

˙̂
d1

]
viq = fq(x) + CL

[
k2x2 + k4(x4 + d̂2) +

˙̂
d2

]
.

(11)

The symbols are consistent with the above. The circuit parame-
ters of the three-phase inverter system are shown in Table I.

The following three cases are implemented, in which Case 1
and Case 2 are tested in simulations, while Case 1 and Case 3
are tested in experiments for space saving.

Case 1: The inverter system no-load starts. A 100Ω balanced
resistive load is added at 0.05s, and the resistance monotonically
decreases from 100Ω to 80Ω and increases to 100Ω when
0.1s ≤ t ≤ 0.14s.

Case 2: The inverter system no-load starts. A nonlinear load
(i.e., a diode rectifier composed of a three-phase rectifier bridge,
a 10mH inductor, a 680μF capacitor, and a 200Ω resistor) is
added at 0.05s and removed at 0.1s.

Case 3: The inverter system no-load starts. A 100Ω unbal-
anced resistive load (phase a opened) is added at 0.05s and
removed at 0.1s.

A. Simulations

The control parameters are listed in Table II, where the
CDOBC controller (11) has two groups of parameters. The
CDOBC-H controller (i.e., the CDOBC controller with high
control gains) aims to achieve rapid dynamic performance re-
gardless of the current constraints. In contrast, the CDOBC-L
controller (i.e., the CDOBC controller with low control gains)

Fig. 3. Output voltage response curves under Case 1. (a) Response curves of
d-axis output voltages. (b) Response curves of q-axis output voltages.

satisfies the constraints throughout the process. In addition, to
ensure the fairness of comparison, the control parameters are
tuned repeatedly to make the control amplitudes of the four
controllers at the same level. During simulations, the current
constraints are −M1 = M2 = 3.6A, −M3 = M4 = 0.6A.

1) Case 1: Figs. 3–5 depict the curves of dq-axis output
voltages, inductor currents, and control inputs of the closed-loop
inverter systems under the above four control schemes. It can be
seen from Fig. 3 that the output voltage tracking performances of
the proposed CDOB-CC controller are close to the performances
of the CDOBC-H controller and are better than those of the
CDOBC-L controller. In addition, because the CCPID controller
can only suppress disturbances by large integration, the dynamic
performances are greatly sacrificed. Moreover, the disturbance
rejection and voltage recovery effects are far worse than the three
CDO-based control schemes.

Regarding the current constraints, Fig. 4 shows that the dq-
axis currents of the CDOB-CC controller, the CCPID controller,
and the CDOBC-L controller strictly satisfy the constraints. In
contrast, the currents of the CDOBC-H controller far exceed
the limitations. Fig. 5 demonstrates similar control amplitudes,
which confirms the comparison fairness.

2) Case 2: Figs. 6–8 display the response curves of the
inverter system under Case 2. Because of the nonlinear load,
6n-order harmonic disturbances are introduced into the system.
By setting αi = 6n (n ∈ Z

+), the time-varying harmonic dis-
turbances can be estimated and suppressed. In this test, by using
the fast Fourier transform (FFT), the main components of the
disturbances are calculated to be six-order harmonics. Hence,
αi = 6 (i = 1, 2).
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Fig. 4. Inductor current response curves under Case 1. (a) Response curves of
d-axis inductor currents. (b) Response curves of q-axis inductor currents.

Fig. 5. Control input response curves under Case 1. (a) Time histories ofd-axis
control inputs. (b) Time histories of q-axis control inputs.

As presented in Fig. 6, owing to the harmonic suppression
effect of the proposed control scheme, the steady-state voltage
qualities (e.g., the steady-state errors and the recovery time (RT))
of the CDOB-CC controller and the CDOBC-H controller are

Fig. 6. Output voltage response curves under Case 2. (a) Response curves of
d-axis output voltages. (b) Response curves of q-axis output voltages.

Fig. 7. Inductor current response curves under Case 2. (a) Response curves of
d-axis inductor currents. (b) Response curves of q-axis inductor currents.
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Fig. 8. Control input response curves under Case 2. (a) Time histories ofd-axis
control inputs. (b) Time histories of q-axis control inputs.

TABLE III
PERFORMANCE COMPARISONS IN SIMULATIONS

better than the other two controllers. The CDOBC-L controller
suffers from conservative control parameters, while the CCPID
controller is limited by the integral control mechanism that it
can only suppress constant disturbances through cumulative
errors. Fig. 7 shows that the dq-axis currents of the CDOBC-H
controller are out of the constraints. Conversely, the current
constraints of the other three controllers are always satisfied.
Specific comparisons of the four controllers are shown in Ta-
ble III. The performance indices include settling time (ST),
PC, RT under Case 1, and root-mean-square steady-state error
(RMSE) and THD value under Case 2.

Remark 4: The ST is the time when the output voltage track-
ing error enters the range of ±2% of the steady-state value and
no longer goes out. The PC is the maximum current during the
operation. The RT takes from the moment the disturbances are
added until the output voltage tracking error returns to the ±2%
of the steady-state value and no longer exceeds the threshold.
The RMSE value is measured during the disturbance addition
phase. The THD values are calculated throughout the entire time
interval.

Fig. 9. Experimental platform: (a) overall diagram and (b) specific
configuration.

The above simulation results adequately display the perfor-
mances of the proposed CDOB-CC controller, which obtains
good output voltage tracking performances and strictly ensures
current constraints. Meanwhile, fast voltage recovery and har-
monic suppression under multiple load switching are achieved.

B. Experiments

To further test the proposed current limiting control scheme,
hardware-in-the-loop (HIL) experiments have been conducted.
Fig. 9 clearly shows the platform, which consists of a com-
puter (equipped with softwares MATLAB and RT-LAB1x), a
DSP28377D controller, and an OP5607 real-time target emula-
tor (integrated with a V7 field programmable gate array (FPGA),
a 16-bit analog output module, a 32-bit digital input module,
and a DB37M signal connection module). The platform enables
power electronic simulations at the nanosecond level, and the
dead-time of the switch is 0.3μs. The experiments’ workflow is
as follows: 1) A three-phase inverter is simulated in MATLAB
(enhanced with RT-LAB related packets, e.g., RTeGrid Pro),
and the inverter’s states information (i.e., the output voltages
and the inductor currents) is transferred via the Ethernet cable
to the emulator for data processing (e.g., D/A conversion); 2)
The processed analog states information is sent through the
analog output module to the DSP console, and control inputs
are calculated by the DSP controller; 3) The control inputs
are sent to the controlled inverter to complete the closed-loop
control; 4) Real-time operating states of the closed-loop system
are monitored and recorded by the RT-LAB1x.

Parameters of the three-phase inverter system are listed in
Table I, and the controller parameters are shown in Table IV. The
current constraints are set as −M1 = M2 = 3A and −M3 =
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TABLE IV
CONTROLLER PARAMETERS FOR EXPERIMENTS

Fig. 10. Output voltage response curves under Case 1. (a) Response curves of
d-axis output voltage. (b) Response curves of q-axis output voltages.

M4 = 0.6A. Because of the inability to modify the resistance
values monotonically and time-varyingly in the experiments,
the conditions of sudden load addition and removal are tested in
Case 1.

1) Case 1: Figs. 10–12 display the experimental results un-
der Case 1. As seen from Fig. 10(a), the proposed CDOB-CC
controller has nice dynamic and disturbance rejection perfor-
mances, close to the CDOBC-H controller and far superior to the
other two controllers. Moreover, unlike the excessive currents
under the CDOBC-H controller, the CDOB-CC controller keeps
the currents within the constraints, as shown in Fig. 11(a).

Different from the d-axis subsystem, the q-axis overcurrent
problem is mainly induced by the noise. With large penalty
term gains (i.e., l1 and l2), the CDOB-CC and benchmark
CCPID controllers strictly restrict the overcurrent, as shown in

Fig. 11. Inductor current response curves under Case 1. (a) Response curves
of d-axis inductor currents. (b) Response curves of q-axis inductor currents.

TABLE V
PERFORMANCE COMPARISONS IN EXPERIMENTS

Fig. 11(b). The essence of the current limiting mechanism is to
enlarge the constraint effect by automatically increasing the gain
of the derivative term as the current approaches the constraint
boundary. Hence, by setting a relatively large derivative gain,
the CDOBC-L controller also maintains the current constraints.
However, as shown in Fig. 10(b), a large derivative term also ex-
acerbates noise, resulting in poor output voltage quality. Further
improving the voltage quality and constraint capability under
noise will be a research focus in future work.

2) Case 3: Figs. 13–15 depict the experimental response
curves under Case 3. Consistent with the conclusions reached
above, the proposed CDOB-CC control scheme has good dy-
namic performances and overcurrent protection capability, even
with large-scale, fast-varying harmonics induced by unbalanced
loads. By contrast, the CDOBC-H control scheme has weak
current-constrained performances, while the CDOBC-L control
scheme has inferior dynamic performances. Meanwhile, the
CCPID control scheme shows relatively poor harmonic suppres-
sion capability.

The overall numerical comparisons are shown in Table V.
From the above simulation and experimental results, it is verified
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Fig. 12. Control input response curves under Case 1. (a) Time histories of
d-axis control inputs. (b) Time histories of q-axis control inputs.

that the proposed current limiting control scheme is feasible
and effective for the output voltage regulation and overcurrent
protection of the three-phase inverter under multiple load con-
ditions.

V. DISCUSSIONS

A. Extended CDO

The proposed CDOs (6) can be extended to estimate multifre-
quency harmonics by using the properties of sinusoidal signals
(i.e., the second derivative of the signal has a fixed multiple
relationship with itself) to model harmonics and inserting the fre-
quency information into the observer design. With this feature,
the voltage quality can be improved when various harmonics
disturb the inverters. For example, when constant disturbances,
second-order harmonics, and sixth-order harmonics simultane-
ously pollute the system, the following extended CDOs are
constructed:⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

η̇i,1 = hi + ηi,2 + ηi,3 + ηi,5 + βi,1(xi − ηi,1)
η̇i,2 = βi,2(xi − ηi,1)
η̇i,3 = 2ωηi,4 + βi,3(xi − ηi,1)
η̇i,4 = −2ωηi,3 + βi,4(xi − ηi,1)
η̇i,5 = 6ωηi,6 + βi,5(xi − ηi,1)
η̇i,6 = −6ωηi,5 + βi,6(xi − ηi,1)

(12)

where i = 1, 2, corresponding to the observers for the d-axis
and q-axis subsystem, respectively.βi,1, βi,2, βi,3, βi,4, βi,5, and
βi,6 are the observer gains. ηi,2, ηi,3, and ηi,5 are estimates of the
constant disturbances, second-order harmonics, and sixth-order
harmonics. By integrating these estimates (d̂1 = η1,2 + η1,3 +

Fig. 13. Output voltage response curves under Case 3. (a) Response curves of
d-axis output voltages. (b) Response curves of q-axis output voltages.

η1,5 and d̂2 = η2,2 + η2,3 + η2,5) and feedforward compensat-
ing these harmonics through the proposed CDOB-CC controller,
the multifrequency harmonics can be greatly suppressed.

B. Extended Current Limiting Control Scheme in the NARF

To enhance the applicability of the proposed control scheme,
the extended current limiting control scheme in the NARF
is presented. As the abc three phases have the same system
structure, the control scheme for phase a is given as an example.
The subsystem is formulated as{

v̇La = 1
C iia − 1

C iLa

i̇ia = − 1
LvLa +

1
Lvia

(13)

where vLa, iia, vid, and iLa are the output voltage, inductor
current, inverter voltage, and load current, respectively. Denote
x1a = v∗La − vLa (v∗La is the reference voltage) and x3a =
v̇∗La − iia/C, the control-oriented system is obtained{

ẋ1a = x3a + d1a
ẋ3a = fa(x)− 1

CLvia
(14)

where d1a = iLa/C = d1ac + d1ah. d1ac represents constant
disturbances, and d1ac represents harmonics (γ1 is its frequency
order). fa(x) = (v∗La − x1a)/(CL) + v̈∗La. The constraint is
N3a < x3a < N3a.

The CDO is constructed as⎧⎪⎪⎨
⎪⎪⎩
η̇1 = x3a + η2 + η3 + β1(x1a − η1)
η̇2 = β2(x1a − η1)
η̇3 = γ1ωη4 + β3(x1a − η1)
η̇4 = −γ1ωη3 + β4(x1a − η1)

(15)
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Fig. 14. Inductor current response curves under Case 3. (a) Response curves
of d-axis inductor currents. (b) Response curves of q-axis inductor currents.

Fig. 15. Control input response curves under Case 3. (a) Time histories of
d-axis control inputs. (b) Time histories of q-axis control inputs.

where η1, η2, η3, and η4 are estimates of x1a, d1ac, d1ah, and
ḋ1ah/(γ1ω). β1, β2, β3, β4 are observer gains. Denote d̂1a =
η2 + η3, the current-constrained controller is designed as

via= CL
[
fa(x) + k1ax1a +

˙̂
d1a

]
+CL [k3a + ga(x3a)] (x3a + d̂1a)

(16)

where ga(x3a) = l1a/((N3a − x3a)(x3a −N3a)). k1a, k3a,
and l1a are positive control parameters.

Since a large amount of current limiting strategies have been
proposed in the NARF and different current limiting values have
been set to meet different operating conditions [18], [19], the
above control scheme (15), (16) can be directly used to satisfy
these limiting values and enhance voltage quality simultane-
ously.

VI. CONCLUSION

In this article, the voltage regulation and overcurrent pro-
tection control problems have been studied simultaneously
for stand-alone three-phase inverters under multiple load con-
ditions. A novel current limiting control scheme with anti-
disturbance properties has been proposed based on the CDOs and
the composite current-constrained controller. Rigorous stability
analysis, simulation, and experimental results have been illus-
trated to verify the feasibility and effectiveness of the proposed
control scheme. In future work, more practical engineering
problems (e.g., noise suppression problem, fault ride-through
problem) will be investigated to extend the proposed scheme.

APPENDIX A

PROOF OF PROPOSITION 1

Based on system (3), the subsystems corresponding to the
CDOs (6) are formulated as{

Ẋei = AeiXei +BeiUei

yei = CeiXei
(17)

where i = 1, 2, Xei = [xi, dic, dih, ḋih/(αiω)]
T , yei = xi,

Uei = [hi, ḋic]
T , Aei =

⎡
⎢⎢⎢⎣
0 1 1 0

0 0 0 0

0 0 0 αiω

0 0 −αiω 0

⎤
⎥⎥⎥⎦, Bei =

[
1 0 0 0

0 1 0 0

]T

, Cei = [1, 0, 0, 0].

The observability matrices of the subsystems (17) are

Qei = [CT
ei, A

T
eiC

T
ei, (A

T
ei)

2CT
ei, (A

T
ei)

3CT
ei]

=

⎡
⎢⎢⎢⎣
1 0 0 0

0 1 0 0

0 1 0 −α2
iω

2

0 0 αiω 0

⎤
⎥⎥⎥⎦ (18)

where i = 1, 2. As the ranks of Qei are 4, the subsystems (17)
are observable [42].

For the estimation error systems (7), treat σi (i = 1, 2) as
inputs. The reduced systems Ėi = HiEi are globally expo-
nentially stable provided that Hi are Hurwitz matrices. The
systems (7) are input-to-state stable (ISS). In addition, the
inputs σi asymptotically converge to zero owing to the char-
acteristic of the constant disturbances dic. Then, according to
the input-to-state stability theory [43], the system states of (7)
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asymptotically converge to zero, that is, limt→∞ ei,j(t) = 0
(i = 1, 2, j = 1, . . . , 4). This completes the proof.

APPENDIX B

PROOF OF THEOREM 1

Denote G1 = (−∞,+∞)× (−∞,+∞)× (N31, N31)×
(N41, N41). For any given initial states X(0) ∈ G1, it
is assumed that the conditions x3(t) ∈ (N3, N3) and
x4(t) ∈ (N4, N4) are satisfied during t ∈ [0, T ), where T
is a positive constant or T = +∞. The proof includes the
following three steps.

Step 1 (Proof of the state boundness, t ∈ [0, T )): By
properly selecting the control parameters k1, k2, k3 and k4, A
can be a Hurwitz matrix. Then for any given symmetric negative-
definite matrix −Q, there exists a symmetric positive-definite
matrix P , which satisfies ATP + PA = −Q.

The candidate Lyapunov function is chosen as

V (X) = XTPX +
∫ x̃3

0 ζ3(x)dx+
∫ x̃4

0 ζ4(x)dx. (19)

Based on the basic inequality ±�1�2 ≤ �21/2 + �22/2, ∀�1, �2 ∈
R, it infers that

V (X)≤ λmax(P )||X||22 + |x̃3||ζ3(x̃3)|+ |x̃4||ζ4(x̃4)|
≤ (λmax(P ) + 1/2)||X||22 + ζ23 (x̃3)/2 + ζ24 (x̃4)/2.

(20)

Taking the derivative of V (X) along system (10) in the time
interval [0, T ), it yields

V̇ (X)= −XTQX + 2(BT
1 P + C1 A/2)Xζ3(x̃3)

−l1ζ
2
3 (x̃3) + 2(BT

2 P + C2 A/2)Xζ4(x̃4)
−l2ζ

2
4 (x̃4) + 2JT

1 PXed1
+ 2JT

2 PXed2

≤ −[λmin(Q)− c]||X||22 − (l1 − 2)ζ23 (x̃3)
−(l2 − 2)ζ24 (x̃4) + e2d1

+ e2d2≤ −bV (X) + e2d1
+ e2d2

(21)

where c = max{k21/2, k22/2}+ λmax(P1) + λmax(P2) +
λmax(P3) + λmax(P4), P1 = PTB1B

T
1 P , P2 = PTB2B

T
2 P ,

P3 = PTJ1J
T
1 P , P4 = PTJ2J

T
2 P . If the control parameters

l1 and l2 are selected to make b = min{2l1 − 4, 2l2 −
4, (λmin(Q)− c)/(λmax(P ) + 1/2)} positive, then according
to the Lyapunov theory, the states of the closed-loop
system (10) are bounded when t ∈ [0, T ). Thereafter, denote
N1 = supt>0 |x1(t)| and N2 = supt>0 |x2(t)|, t ∈ [0, T ).

Step 2 (Proof that the current constraints always hold, i.e.,
T = +∞): Since the proofs of d-axis constraint (i.e., x3(t) ∈
(N3, N3)) and q-axis constraint (i.e., x4(t) ∈ (N4, N4)) are
similar, only the proof of d-axis is described minutely in this
step, which is stated as follows.

Denote D1 = supt>0 |d̂1(t)|, by assigning multiple poles of
H1 to calculate the observer gains, d̂1(t) converges asymptot-
ically from 0 to d1. Hence, D1 < N3_m is obtained. Define
N31 = max{x3(0), (a1N3 + l1D1)/(a1 + l1)} and N32 =
min{x3(0), (a1N3 − l1D1)/(a1 + l1)}, where a1 = (k1N1 +

D3 + k3D1)(N3 −N3) and D3 = supt>0 | ˙̂d1(t)|. According
to Assumption 1 and the information of control parameters

k1, k3, l1 and the boundary values N1, N3, N3, it yields N31 ∈
(0, N3), N32 ∈ (N3, 0).

In order to prove the constraint x3(t) ∈ (N3, N3) holds when
t ∈ [0, T ), the following two cases are discussed to exhibit
the variation trends of x3 when x3 approaches the constraint
boundaries N3 and N3.

Case 1: If x3(t) ∈ [N31, N3), t ∈ [0, T ), then

ẋ3= −k1x1 −
[
k3 +

l1
(N3−x3)(x3−N3)

]
(x3 + d̂1)− ˙̂

d1

≤ k1N1 +D3 + k3D1 − l1(x3−D1)

(N3−x3)(N3−N3)
< 0.

(22)

It indicates that x3(t)ẋ3(t) < 0, which signifies that when x3

is near the upper boundary N3, x3 will move in a decreasing
direction (i.e., away from N3) and enter the region of (0, N31).
This proves that x3(t) < N3, t ∈ [0, T ) holds.

Case 2: If x3(t) ∈ (N3, N32], t ∈ [0, T ), then

ẋ3 ≥ −k1N1 −D3 − k3D1 − l1(x3+D1)

(N3−N3)(x3−N3)
> 0. (23)

It implies that x3(t)ẋ3(t) < 0, which means that when x3 is
close to the lower constraint boundary N3, x3 will move in a
increasing direction (i.e., away from N3) and enter the region
of (N32, 0). This proves that x3(t) > N3, t ∈ [0, T ) holds.

For any given initial states X(0) ∈ G1, (x1(t), x3(t)), t ∈
[0, T ) is the solution of the closed-loop system (10) on G2 =
(−N1 − 1, N1 + 1)× (N3, N3). Based on the above analysis,
the solution (x1(t), x3(t)) can be more precisely described as

(x1(t), x3(t)) ∈ [−N1, N1]× (N31, N32) ⊂ G2. (24)

If T is a positive constant, x3 can continue to extend a time inter-
val and satisfyx3(t) ∈ (N3, N3)on the basis of the continuation
theorem of solution. However, this contradicts the definition of
T . Thus, T = +∞ and x3 ∈ (N3, N3) always holds, that is, the
d-axis constraint is maintained all the time. Similarly, the q-axis
constraint is always ensured.

Step 3 (Proof that the states are asymptotically convergent):
Based on the analysis of Step 1 and Step 2, the inequality (21)
always holds. Then, it yields

V (t) ≤ e−btV (0) + (1− e−bt)(e2d1
(t) + e2d2

(t))/b. (25)

From Proposition 1, limt→∞(e2d1
(t) + e2d2

(t)) = 0. The right
side of the inequality (18) asymptotically converges to zero,
which means the states constituting V (i.e., x1, x2, x̃3, x̃4)
asymptotically converge to zero. Namely, the closed-loop sys-
tem (10) is asymptotically stable. vLd and vLq asymptotically
track the reference signals. This completes the proof.
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