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Abstract: This study develops a robust DC-link voltage tracking controller with variable control
gain for permanent magnet synchronous generators. The first feature is to suggest an auto-tuning
algorithm to drive the control gain to update the closed-loop cut-off frequency. The second one
is to prove that the proposed controller incorporating auto-tuner and disturbance observer (DOB)
coerces the closed-loop system to achieve the desired voltage tracking behavior, exponentially,
with the steady-state rejection property. The control performance is demonstrated by emulating a
wind-turbine power system using the powerSIM (PSIM) software.
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1. Introduction

Nowadays, owing to major advantages such as high power density and efficiency, the permanent
magnet synchronous machines (PMSMs) have rapidly replaced induction machines (IMs) for a wide
range of industrial applications, including wind power systems [1–7]. The elimination of rotor
excitation results in a considerable simplification of the machine structure and control algorithm.

PMSMs can be used as generators in various industrial applications, such as wind power systems
and electric vehicles, and these generators are called permanent magnet synchronous generators
(PMSGs). A PMSG connected to an external mechanical system acts as a power source with variable
magnitude and frequency. The three-phase inverter has to be controlled to convert the AC power
coming from a PMSG to the desired DC power, which can be viewed as an AC/DC conversion
system with a several power source. The previous control techniques for AC/DC converters can
be utilized for PMSG DC-link voltage control applications with a slight modification. Cascade-type
controllers are commonly adopted for regulating the DC-link voltage of AC/DC converters as they
provide better closed-loop performance than single-loop type controllers [8,9]. A cascade-type control
system has current and voltage regulators in the inner- and outer-loops, respectively. Conventionally,
both the inner- and outer-loops have been realized using the proportional-integral (PI) regulators with
well-tuned PI gains through trial-and-error procedures. Bode and Nyquist methods have also been
used to find a reasonable PI gain to achieve the desired specification given in the frequency domain,
for a specified operating point. To cover an operating region, these techniques must be repeatedly
applied for each operating point. The resulting PI gains need to be assigned to a closed-loop system
through an additional gain scheduling algorithm as in [10]. The feedback-linearization (FL) controller
was devised to overcome this drawback; it introduces a parameter-dependent additional feed-forward
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compensator with PI gains [8,11,12]. The resulting closed-loop transfer function is obtained in
the form of a first-order low-pass filter (LPF) with the desired cut-off frequency in the absence of
model-plant mismatches. The reduction in parameter dependence was accomplished through passivity
approaches [13–15], which inject a fixed damping effect to the closed-loop after shaping the desired
energy function using partial converter parameter information. The same advantages can be obtained
by using the adaptive [16] and sliding mode techniques [17]. There have been several attempts to
incorporate the disturbance observers (DOBs) into classical PI controllers [18,19] for a better transient
performance. A novel proportional-type controller embedding DOBs was suggested with a fixed
closed-loop cut-off frequency for PMSG output voltage control applications [20]. The predictive
techniques seek to achieve optimal control command for each control period by predicting the
future state variable behavior, where the discretized dynamical equation with converter parameter
values is used to predict the converter state [21,22]. The closed-loop performance driven by the
extant parameter-dependent controllers could be improved by embedding an additional parameter
identification mechanism as in [23–25] into the controller. Moreover, it is desirable to update the control
gain automatically for a desirable cut-off frequency leading to a better closed-loop performance during
transient periods.

This paper provides an auto-tuner-based robust DC-link voltage tracking controller for PMSGs
driven by external mechanical systems. The parameter and load variation problems are handled by
considering the perturbed dynamical model and adopting properly designed DOBs. The contributions
are twofold: (a) the introduction of a closed-loop cut-off frequency update mechanism by the use of the
variable control gain from the proposed auto-tuner (b) a rigorous closed-loop analysis for convergence
and performance recovery without steady-state errors in the absence of tracking error integrators.
Numerical verifications are conducted to demonstrate the effectiveness of the proposed controller by
simulating the DC power supply system driven by a PMSG with wind turbines. The powerSIM (PSIM)
software is used to emulate the wind power system, with the controller implemented using a dynamic
link library (DLL).

2. PMSG Dynamics in Rotating d-q Axis

The time-varying coordinate transformation aligned to the electrical speed of PMSGs leads to the
dynamical equations described in rotating d-q axis as [26]:

Ldq i̇dq(t) = −Rsidq(t) + p(idq(t))ωr(t) + u(t), (1)

Jω̇(t) = −Bω(t) + Tm(t)− Te(id(t), iq(t)), ∀t ≥ 0, (2)

where idq(t): =
[

id(t) iq(t)
]T

and u(t): =
[

ud(t) uq(t)
]T

represent the state and
control input vectors whose component correspond to the d-q axis current and terminal
voltages. The nonlinearity of p(idq(t))ωr(t) acts as a disturbance to the current dynamics

of (1) where p(idq(t)): =
[

Lqiq(t) −(Ldid(t) + λPM)
]T

and ωr(t): = Pω(t) with P being the
pole pair. In the mechanical dynamics of (2), the mechanical speed is represented as ω(t) in
rad/s, and external mechanical and electrical torques are denoted as Tm(t) and Te(t) where

Te(id(t), iq(t)): = 3
2 P
(

∆Ldqid(t)iq(t) + λPMiq(t)
)

, ∀t ≥ 0, with ∆Ldq: = Ld − Lq. The electrical and

mechanical machine parameters are given as follows: the d-q inductance of Lx, x = d, q, stator resistance
of Rs, magnet flux of λPM, viscous damping of B, and rotor inertia of J.

Figure 1 depicts a DC power supply system driven by a PMSG with an external mechanical torque
where Pin(t), Pcap(t), and Pgrid(t) denote the input power, output capacitor power, and grid power,
respectively. These power signals are related as

Pcap(t) = Cvdc(t)
dvdc(t)

dt
= Pin(t)− Pgrid(t), ∀t ≥ 0. (3)



Electronics 2018, 7, 339 3 of 15

By combining the relationship of Pin(t) = PG(t)− Ploss,inv(t), ∀t ≥ 0, with the PMSG power of
PG(t) and inverter power loss of Pinv,loss(t), the equation of (3) gives

Cv̇dc(t) =
ω(t)

vdc(t)
Te(t)−

Ploss,inv(t)
vdc(t)

− igrid(t), ∀t ≥ 0, (4)

with igrid(t) denoting the load current toward the grid.
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Figure 1. PMSG power system configuration.

For the system depicted in Figure 1, the d-q axis current of ix(t), x = d, q, and the DC-link voltage
of vdc(t) are treated as state-variables for feedback, and the d-q axis PMSG terminal voltage of ux(t),
x = d, q, correspond to the control input to be designed later. The system parameters of Lx, x = d, q,
λPM, C, inverter power loss of Ploss,inv(t), and load current of igrid(t) are assumed to be unknown
because they can be varied significantly depending on the operating conditions.

3. DC-Link Voltage Controller Design

The goal of this section is to develop a control algorithm such that

lim
t→∞

vdc(t) = v∗dc(t), (5)

exponentially, where the target trajectory of v∗dc(t) satisfies the LPF:

v̇∗dc(t) = ωvc(vdc,re f (t)− v∗dc(t)), ωvc > 0, ∀t ≥ 0, (6)

for a given reference signal of vdc,re f (t). This study investigates the tracking performance improvement
by modifying the LPF dynamics of (6) as

v̇∗dc(t) = ω̂vc(t)(vdc,re f (t)− v∗dc(t)), ∀t ≥ 0, (7)

where ω̂vc(t) denotes the time-varying cut-off frequency associated with the control gain to be
designed later. The time-varying LPF of (7) is called the target dynamics in this study. Section 3.1
presents a control algorithm with the classical cascade structure, and Section 3.2 analyzes the
closed-loop properties.
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3.1. Controller Design

This section develops the DC-link voltage-loop, including an auto-tuner, and the current-loop in a
separated manner. To this end, rewrite the DC-link voltage and current dynamics of (1) and (4) with
respect to the nominal parameter values of Lx,0, x = d, q, Rs,0, λPM,0, and C0 as

C0v̇dc(t) =
ω(t)

vdc(t)
Te,0(t) + dv(t)

=
ω(t)

vdc(t)
biq(t) +

ω(t)
vdc(t)

3
2

P∆Ldq,0id(t)iq(t) + dv(t), (8)

Ldq,0 i̇dq(t) = −Rs,0idq(t) + p0(idq(t))ωr(t) + u(t) + d0(t), ∀t ≥ 0, (9)

where b: = 3
2 PλPM,0, Te,0(t): = Te(id(t), iq(t))

∣∣∣∣
Lx=Lx,0,λPM=λPM,0

,

p0(idq(t)): =
[

Lq,0iq(t) −(Ld,0id(t) + λPM,0)
]T

, and Ldq,0: = diag{Ld,0, Lq,0}, ∀t ≥ 0.

The disturbances of dv(t) and d0(t): =
[

dd,0(t) dq,0(t)
]T

represent the model-plant mismatches
and load variations.

3.1.1. DC-Link Voltage-Loop

This section handles the q-axis current reference of iq,re f (t) as a design variable. First, consider the
DC-link voltage dynamics of (8) as

C0v̇dc(t) =
ω(t)

vdc(t)
biq(t) +

ω(t)
vdc(t)

3
2

P∆Ldq,0id(t)iq(t) + dv(t)

=
ω(t)

vdc(t)
biq,re f (t)−

ω(t)
vdc(t)

bĩq(t) +
ω(t)

vdc(t)
3
2

∆Ldq,0id(t)iq(t) + dv(t), ∀t ≥ 0, (10)

with ĩq(t): = iq,re f (t)− iq(t), ∀t ≥ 0. Then, the q-axis current reference is proposed as

iq,re f (t) =
vdc(t)
bω(t)

(C0ω̂vc(t)ṽdc(t)−
ω(t)

vdc(t)
3
2

∆Ldq,0id(t)iq(t)− d̂v(t)), ∀t ≥ 0, (11)

where the DC-link voltage tracking error is defined as ṽdc(t): = vdc,re f (t)− vdc(t), ∀t ≥ 0, and the
variable control gain of ω̂vc(t) comes from the proposed auto-tuning mechanism:

˙̂ωvc(t) = γat(ṽ2
dc(t) + ρatω̃vc(t)), γat > 0, ρat > 0 ∀t ≥ 0, (12)

with ω̃vc(t): = ωvc − ω̂vc(t), ω̂vc(0) = ωvc > 0, ∀t ≥ 0. The dynamical compensator of d̂v(t) is
updated as

żv(t) = −lvzv(t)− l2
vC0vdc(t)− lvTe,0(t)

ω(t)
vdc(t)

, (13)

d̂v(t) = zv(t) + lvC0vdc(t), lv > 0, ∀t ≥ 0, (14)
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with zv(t) being the state-variable, which is the DOB for the DC-link voltage loop. It is easy to see that
the proposed DC-link voltage loop controller produces the closed-loop dynamics by substituting (11)
in (10) as

v̇dc(t) = ω̂vc(t)ṽdc(t)−
ω(t)

C0vdc(t)
bĩq(t) +

1
C0

d̃v(t)

= ωvcṽdc(t)− ω̃vc(t)ṽdc(t)−
ω(t)

C0vdc(t)
bĩq(t) +

1
C0

d̃v(t), ∀t ≥ 0, (15)

with d̃v(t): = dv(t)− d̂v(t), ∀t ≥ 0.

Remark 1. Unlike [20], the voltage-loop controller of (11) feedbacks the tracking error with the time-varying
gain of C0ω̂vc(t) and the proposed auto-tuning mechanism of (12) updates the cut-off frequency of ω̂vc(t).
Moreover, the resulting closed-loop behavior is also analyzed in Section 3.2 in a different way. ♦

3.1.2. Current-Loop

Defining the current error of ĩdq(t): = idq,re f (t) − idq(t) with the current reference of

idq,re f (t): =
[

id,re f (t) iq,re f (t)
]T

, it follows from (9) that

Ldq,0
˙̃idq(t) = Ldq,0 i̇dq,re f (t)− Ldq,0 i̇dq(t)

= Rs,0idq(t)− p0(idq(t))ωr(t)− u(t) + d(t), ∀t ≥ 0, (16)

with d(t): = Ldq,0 i̇dq,re f (t)− d0(t), ∀t ≥ 0. A controller is suggested to stabilize the error dynamics
of (16) as follows:

u(t) = Rs,0idq(t)− p0(idq(t))ωr(t) + d̂(t) + Ldq,0ωcc ĩdq(t), ωcc > 0, ∀t ≥ 0, (17)

with the dynamical compensator of d̂(t) updating as

ż(t) = −lz(t)− l2Ldq,0 ĩdq(t) + l(−Rs,0idq(t) + p0(idq(t))ωr(t) + u(t)), (18)

d̂(t) = z(t) + lLdq,0 ĩdq(t), l > 0, ∀t ≥ 0, (19)

using the state-variable of z(t), which is called the DOB for the current-loop. It is also easy to see
that the proposed controller of (17) produces closed-loop current error dynamics by combining (16)
and (17) as

˙̃idq(t) = −ωcc ĩdq(t) + L−1
dq d̃(t), ∀t ≥ 0, (20)

with d̃(t): = d(t)− d̂(t), ∀t ≥ 0.

3.2. Closed-Loop Properties

This section presents the useful properties of the closed-loop system and shows that the
closed-loop system guarantees the control objective of (5) by analyzing the closed-loop system
behaviors. Firstly, Theorem 1 provides the convergence property.

Theorem 1. The closed-loop system controlled by the proposed control law of (11)–(14), (17)–(19) gives the
output voltage convergence property. i.e.,

lim
t→∞

vdc(t) = vdc,re f (t) (21)

as v̇dc,re f (t), ḋv(t)→ 0 and ḋ(t)→ 0, exponentially. ♦
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Proof. First, rewrite the DOBs for the DC-link voltage- and current-loops of (13), (14), (18), and (19) as

˙̂dv − lvC0v̇dc = −lv(d̂v − lvC0vdc)− l2
vC0vdc − lvTe,0

ω

vdc
,

˙̂d− lLdq,0
˙̃idq = −l(d̂− lLdq,0 ĩdq)− l2Ldq,0 ĩdq + l(−Rs,0idq + p0ωr + u), ∀t ≥ 0,

which gives their error dynamics (by (8) and (16)):

˙̃dv = −lvd̃v + ḋv, ˙̃d = −ld̃ + ḋ, ∀t ≥ 0. (22)

Defining the DC-link voltage error of ṽdc(t): = vdc,re f (t)− vdc(t), ∀t ≥ 0, it follows from (15) that

˙̃vdc = v̇dc,re f − v̇dc

= −ωvcṽdc + ω̃vcṽdc +
ω

C0vdc
beT

2 ĩdq −
1

C0
d̃v + v̇dc,re f , ∀t ≥ 0, (23)

with e2 :=
[

0 1
]T

. Then, the time-derivative along (12), (20), (22), and (23) of the positive definite
function defined as

V :=
1
2

ṽ2
dc +

κ1

2
‖ĩdq‖2 +

1
2γat

ω̃2
vc +

κ2

2
d̃2

v +
κ3

2
‖d̃‖2, κi > 0, i = 1, 2, 3, ∀t ≥ 0, (24)

is obtained as

V̇ = ṽdc ˙̃vdc + κ1 ĩT
dq

˙̃idq −
1

γat
ω̃vc ˙̂ωvc + κ2d̃v

˙̃dv + κ3d̃T ˙̃d

= ṽdc(−ωvcṽdc + ω̃vcṽdc +
ω

C0vdc
beT

2 ĩdq −
1

C0
d̃v + v̇dc,re f )

+κ1 ĩT
dq(−ωcc ĩdq + L−1

dq d̃)− ω̃vc(ṽ2
dc + ρatω̃vc)

−κ2lvd̃2
v + κ2ḋvd̃v − κ3l‖d̃‖2 + κ3ḋTd̃

= −ωvcṽ2
dc − κ1ωcc‖ĩdq‖2 − ρatω̃

2
vc − κ2lvd̃2

v − κ3l‖d̃‖2

+ṽdc
ω

C0vdc
beT

2 ĩdq −
1

C0
ṽdcd̃v + κ1 ĩT

dqL−1
dq d̃ + wTy, ∀t ≥ 0,

where w: =
[

v̇dc,re f κ2ḋv κ3ḋT
]T

and y: =
[

ṽdc d̃v d̃T
]T

. Applying the Young’s inequality

of xTy ≤ ε
2‖x‖2 + 1

2ε‖y‖2, ∀ε > 0, ∀x, y ∈ Rn to the indefinite terms of V̇, it holds that

V̇ ≤ −ωvc

3
ṽ2

dc − (κ1ωcc −
ω2

maxb2

4ωvcC2
0v2

dc,min
− 1

2
)‖ĩdq‖2 − ρatω̃

2
vc

−(κ2lv −
1

4ωvcC2
0
)d̃2

v − (κ3l −
κ2

1‖L
−1
dq ‖

2

2
)‖d̃‖2 + wTy, ∀t ≥ 0,

with ωmax and vdc,min being the maximum and minimum values of ω and vdc, respectively, whose upper

bound can be obtained by the constants of κ1: = 1
ωcc

( ω2
maxb2

4ωvcC2
0 v2

dc,min
+ 1), κ2: = 1

lv
( 1

4ωvcC2
0
+ 1

2 ),

and κ3: = 1
l (

κ2
1‖L

−1
dq ‖

2

2 + 1
2 ) as

V̇ ≤ −ωvc

3
ṽ2

dc −
1
2
‖ĩdq‖2 − ρatω̃

2
vc −

1
2

d̃2
v −

1
2
‖d̃‖2 + wTy

≤ −αV + wTy, ∀t ≥ 0, (25)
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with α: = min{ 2ωvc
3 , 1

κ1
, 2ρatγat, 1

κ2
, 1

κ3
}, which completes the proof.

Lemma 1 presents the boundedness property of the auto-tuning algorithm of (12), which simplifies
the proof of performance recovery property of Theorem 2.

Lemma 1. The variable cut-off frequency of ω̂vc(t) coming from the auto-tuner of (12) satisfies

ω̂vc(t) ≥ ωvc, ∀t ≥ 0. (26)

♦

Proof. The auto-tuner update rule of (12) is equivalent to the expression of

˙̂ωvc = −γatρatω̂vc + γatρatωvc + γatṽ2
dc,

which indicates that (by integrating both sides)

ω̂vc = e−γatρattωvc +
∫ t

0
e−γatρat(t−τ)(γatρatωvc + γatṽ2

dc)dτ

≥ e−γatρattωvc + γatρatωvce−γatρatt
∫ t

0
eγatρatτdτ

= ωvc, ∀t ≥ 0.

Theorem 2 asserts that the proposed controller establishes the control objective of (5), that is the
performance recovery property, using the result of Lemma 1.

Theorem 2. The closed-loop system controlled by the proposed control law of (11)–(14), (17)–(19) ensures the
performance recovery property. i.e.,

lim
t→∞

vdc(t) = v∗dc(t) (27)

as ḋv(t)→ 0 and ḋ(t)→ 0, exponentially. ♦

Proof. Using (7) and (15), the dynamics of the tracking error ṽ∗dc := v∗dc − vdc is obtained as

˙̃v∗dc = −ω̂vcṽ∗dc +
ω

C0vdc
beT

2 ĩdq −
1

C0
d̃v, ∀t ≥ 0, (28)

with e2 =
[

0 1
]T

. The time-derivative along (20), (22), and (28) of the positive definite function
given by

V∗ :=
1
2
(ṽ∗dc)

2 +
c1

2
‖ĩdq‖2 +

c2

2
d̃2

v +
c3

2
‖d̃‖2, ci > 0, i = 1, 2, 3, ∀t ≥ 0, (29)

is given by

V̇∗ = ṽ∗dc(−ω̂vcṽ∗dc +
ω

C0vdc
beT

2 ĩdq −
1

C0
d̃v)

+c1 ĩT
dq(−ωcc ĩdq + L−1

dq d̃)− c2lvd̃2
v − c3l‖d̃‖2 + c2lvḋvd̃v + c3lḋTd̃

= −ω̂vc(ṽ∗dc)
2 − c1ωcc‖ĩdq‖2 − c2lvd̃2

v − c3l‖d̃‖2

+ṽ∗dc
ω

C0vdc
beT

2 ĩdq − ṽ∗dc
1

C0
d̃v + c1 ĩT

dqL−1
dq d̃ + c2lvḋvd̃v + c3lḋTd̃, ∀t ≥ 0.
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Applying the result of Lemma 1 and the Young’s inequality to the indefinite terms of V̇∗, it holds that

V̇∗ ≤ −ωvc

3
(ṽ∗dc)

2 − (c1ωcc −
ω2

maxb2

4ωvcC2
0v2

dc,min
− 1

2
)‖ĩdq‖2

−(c2lv −
3

4ωvcC2
0
)d̃2

v − (c3l −
c2

1‖L
−1
dq ‖

2

2
)‖d̃‖2 + c2lvḋvd̃v + c3lḋTd̃, ∀t ≥ 0,

whose upper bound can be obtained by the constants of c1: = 1
ωcc

( ω2
maxb2

4ωvcC2
0 v2

dc,min
+ 1), c2: = 1

lv
( 1

4ωvcC2
0
+ 1

2 ),

and c3: = 1
l (

c2
1‖L
−1
dq ‖

2

2 + 1
2 ) as

V̇∗ ≤ −ωvc

3
(ṽ∗dc)

2 − 1
2
‖ĩdq‖2 − 1

2
d̃2

v −
1
2
‖d̃‖2 + c2lvḋvd̃v + c3lḋTd̃

≤ −α∗V∗ + c2lvḋvd̃v + c3lḋTd̃, ∀t ≥ 0, (30)

with α∗: = min{ 2ωvc
3 , 1

c1
, 1

c2
, 1

c3
}, which completes the proof.

It is not obvious for the proposed controller to ensure the offset-free property in actual
implementations due to the absence of integral actions of tracking errors in the controller law of (17)
and (11). Theorem 3 addresses this issue.

Theorem 3. The control system controlled by the proposed control law of (11)–(14), (17)–(19) establishes the
tracking objective of (5) without offset-errors. i.e.,

vdc(∞) = vdc,re f (∞), (31)

where limt→∞vdc(t) = vdc(∞) and limt→∞ vdc,re f (t) = vdc,re f (∞). ♦

Proof. The closed-loop dynamics of (15), (20), and (22) give the steady-state equations as

0 = ω̂vc(∞)ṽdc(∞)− ω(∞)

C0vdc(∞)
beT

2 ĩdq(∞) +
1

C0
d̃v(∞), (32)

0 = −ωcc ĩdq(∞) + L−1
dq d̃(∞), (33)

0 = d̃v(∞), 0 = d̃(∞). (34)

The equation of (33) implies ĩdq(∞) = 0 from the equation of (34), which shows that ṽdc(∞) = 0
by the combination of (32) and (34). Therefore, the proposed controller removes the offset errors as
long as the closed-loop system reaches a steady-state.

4. Simulations

In this section, numerical verifications were carried out to demonstrate the effectiveness of the
proposed scheme, and the FL controller is used for comparison. A wind power system driven by
a PMSG was emulated by using the function blocks provided in the PSIM software. The control
algorithms were built by C-language, which results in the DLL block. The control output signals
of ux(t), x = d, q, were synthesized using the three-phase inverter with the pulse-wide modulation
(PWM). The control and PWM periods were selected as 0.1 ms. The system parameters were chosen as

Rs = 0.099 Ω, Lx = 4.07 mH, x = d, q, λPM = 0.3166 Wb, P = 40,

J = 0.02 kgm2, B = 0.000425 Nm/rad/s, C = 2350 µF, (35)
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and the control algorithms were constructed using the nominal system parameters:

Rs,0 = 0.7Rs, Lx,0 = 1.5Lx, λPM,0 = 1.2λPM, C0 = 0.6C, x = d, q, (36)

instead of the use of true system parameters to consider the model-plant mismatches. The wind turbine
parameters were set as follows; nominal output power: 15 kW, inertia: 1.5× 10−3 kgm2, base rotational
speed: 55 rpm, and initial rotational speed: 15 rpm. The wind pattern was emulated using the wind
model based-on Weibull distribution [27]. The structure of the implemented wind power system is
shown in Figure 2.

, ,a b c
i

, ,a b c
u

abc
dq

dq
i

θ

dq
u

����������

dc
V

�	�


�
�
�
�

��������������������	��

���

��������������	�������

�
�

�
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abc
dq

��������������������

Figure 2. Closed-loop system implementation.

The control law of FL method is described as

ud(t) = Ld,0ωcc ĩd(t) + Rs,0ωcc

∫ t

0
ĩd(τ)dτ − Lq,0ωr(t)iq(t), (37)

uq(t) = Lq,0ωcc ĩq(t) + Rs,0ωcc

∫ t

0
ĩq(τ)dτ + Ld,0ωr(t)id(t)

+λPM,0ωr(t), ∀t ≥ 0, (38)

with

iq,re f (t) =
vdc(t)
bω(t)

(
2C0ωvcṽdc(t) + C0ω2

vc

∫ t

0
ṽdc(τ)dτ

)
, ∀t ≥ 0, (39)

where ṽdc(t) = vdc,re f (t)− vdc(t), ∀t ≥ 0, which gives the closed-loop transfer functions for the voltage-
and current-loops:

Ix(s)
Ix,re f (s)

=
L{ix(t)}
L{ix,re f (t)}

=
ωcc

s + ωcc
, x = d, q,

Vdc(s)
Vdc,re f (s)

=
L{vdc(t)}
L{vdc,re f (t)}

=
ωvc

s + ωvc
,

approximately, via pole-zero cancellation in the absence of model-plant mismatches, where L(·)
denotes the Laplace transform operator. The design parameters commonly used for the two controllers
were set to fcc = 200 Hz and fvc = 4 Hz for ωcc = 2π fcc = 1256 rad/s and ωvc = 2π fvc = 25.1 rad/s.
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The proposed controller was tuned as lv = l = 50, γat = 0.05, and ρat = 15/γat. Note that the d-axis
current reference was set to zero for simplicity.

The first verification was carried out to demonstrate the robustness improvement for several
loads under the voltage tracking control mode. The DC-link voltage reference was given in the form of
a pulse from 300 V to 500 V, and the closed-loop tracking behavior changes were observed for three
resistive loads, RL = 30, 60, 120 Ω. Figure 3 shows the comparison results of the DC-link voltage
response, which implies that the proposed controller effectively improves the closed-loop robustness
by preventing closed-loop performance variation in spite of load changes. From Figure 4, it can be seen
that the proposed controller drives the q-axis current more rapidly than the FL controller, resulting in
better closed-loop robustness. The corresponding cut-off frequency and DOB behaviors are presented
in Figure 5, and Figure 6 shows the wind velocity pattern from the Weibull distribution.

Proposed Controller< >

500 [V]

( ): @ 30
dc L

v R = Ω

( ): @ 60
dc L

v R = Ω

( ): @ 120
dc L

v R = Ω

300 [V]

( ): @ 30
dc L

v R = Ω

( ): @ 60
dc L

v R = Ω

( ): @ 120
dc L

v R = Ω

FL Controller< >

500 [V]

300 [V]

Figure 3. DC-link voltage tracking behavior changes for three loads, RL = 30, 60, 120 Ω.

Proposed Controller< >

( ): @ 30
q L

i R = Ω

( ): @ 60
q L

i R = Ω

( ): @ 120
q L

i R = Ω

FL Controller< >

( ): @ 30
q L

i R = Ω

( ): @ 60
q L

i R = Ω

( ): @ 120
q L

i R = Ω

Figure 4. q-axis current response comparison result under DC-link voltage tracking control mode.



Electronics 2018, 7, 339 11 of 15

�:
vc

ω

25.13 [rad/s]
�:

d
d
�:

q
d

�:
v

d

47.5 [rad/s]

Cut-Off Freq. Behavior< > DOB Behavior< >

Figure 5. Cut-off frequency and DOB responses of proposed controller under DC-link voltage tracking
control mode.

Wind Velocity Pattern (m/s)

Figure 6. Wind velocity pattern from Weibull distribution.

The second verification was carried out to observe the closed-loop robustness under the voltage
regulation mode with several sudden load change scenarios. The DC-link voltage reference was fixed
to 300 V, and the closed-loop regulation behavior changes were observed for three resistive load change
scenarios: (a) restoring the resistive load after increasing it from RL = 60 Ω to RL = 24 Ω; (b) restoring
the resistive load after increasing it from RL = 120 Ω to RL = 30 Ω; and (c) restoring the resistive
load after increasing it from RL = 30 Ω to RL = 17 Ω. Figure 7, which shows the comparison result
of the closed-loop DC-link voltage response, indicates that the closed-loop robustness improvement
is achieved by the proposed technique, as it decreases the overshoots/undershoots considerably.
The corresponding q-axis current response is given in Figure 8, which indicates that the proposed
controller leads to a rapid current dynamics for a better DC-link voltage regulation performance.
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Proposed Controller< >

300 [V]

( ): @ 60 24 60
dc L

v R = Ω → Ω → Ω

( ): @ 120 30 120
dc L

v R = Ω → Ω → Ω

( ): @ 30 17 30
dc L

v R = Ω → Ω → Ω

FL Controller< >

Figure 7. DC-link voltage regulation behavior changes under three resistive load change scenarios:
(a) RL = 60 Ω→ 24 Ω→ 60 Ω; (b) RL = 120 Ω→ 30 Ω→ 120 Ω; and (c) RL = 30 Ω→ 17 Ω→ 30 Ω.

Proposed Controller< >

( ): @ 60 24 60
q L

i R = Ω → Ω → Ω

( ): @ 120 30 120
q L

i R = Ω → Ω → Ω

( ): @ 30 17 30
q L

i R = Ω → Ω → Ω

FL Controller< >

Figure 8. q-axis current response comparison under DC-link voltage regulation mode.

The third verification shows the output voltage tracking performance improvement at the resistive
load RL = 60 Ω, compared with a recent DOB-based technique introduced in [20], which is given by

ud(t) = Rs,0id(t)− Lq,0ωr(t)iq(t) + Ld,0λcc ĩd(t) + d̂d(t), (40)

uq(t) = Rs,0iq(t) + Ld,0ωr(t)id(t) + λPM,0ωr(t) +
Lq,0ω(t)
C0vdc(t)

bṽ∗dc

+Lq,0λcc ĩq(t) + d̂q(t), λcc > 0, ∀t ≥ 0, (41)

with the DOBs of

d̂x(t) = ζx(t) + lxLx,0 ĩx(t), x = d, q,

ζ̇d(t) = −ldζd(t)− l2
d Ld,0 ĩd(t) + ld

(
− Rs,0id(t) + Lq,0ωr(t)iq(t) + ud(t)

)
, ld > 0, (42)

ζ̇q(t) = −lqζq(t)− l2
q Lq,0 ĩq(t)

+lq

(
− Rs,0iq(t)− Ld,0ωr(t)id(t)− λPM,0ωr(t) + uq(t)

)
, lq > 0, ∀t ≥ 0. (43)

The corresponding q-axis current reference is updated as

iq,re f (t) =
vdc(t)
bω(t)

(
C0λvcṽ∗dc(t)−

ω(t)
vdc(t)

3
2

P∆Ldq,0id(t)iq(t) + d̂v(t)
)

, λvc > 0, ∀t ≥ 0, (44)



Electronics 2018, 7, 339 13 of 15

along with the output voltage tracking error of ṽ∗dc(t) = v∗dc(t)− vdc(t) where the desired trajectory of
v∗dc(t) comes from

v̇∗dc(t) = ωvc

(
vdc,re f (t)− v∗dc(t)

)
, ∀t ≥ 0, (45)

and the DOB for (44) is given by

d̂v(t) = ζv(t) + lvC0ṽ∗dc(t),

ζ̇v(t) = −lvζv(t)− l2
vC0ṽ∗dc(t) + lv

ω(t)
vdc(t)

(
biq(t) +

3
2

P∆Ldq,0id(t)iq(t)
)

, lv > 0, ∀t ≥ 0.

The cut-off frequency of ωvc in (45) was set to the same as the initial cut-off frequency of
proposed auto-tuning algorithm. The rest of design parameters were adjusted as λvc = 125.6,
λcc = 1256, lv = ld = lq = 314. This stage used the three-kinds of sinusoidal reference signals given
as vdc,re f (t) = 500 + 100 sin(2π f t) with f = 3, 6, 12 Hz. Figure 9 shows the tracking performance
comparison results, which clearly observes a frequency response performance improvement thanks to
the proposed auto-tuning algorithm.

( ):  Proposed Controllerdcv

( ),: @3Hz
dc ref

v

( ):  DOB-based Controller
dc

v
( ):  Proposed Controller

dc
v

( ),: @6Hz
dc ref

v

( ):  DOB-based Controller
dc

v

( ):  Proposed Controllerdcv

( ),: @12Hz
dc ref

v

( ):  DOB-based Controllerdcv

Figure 9. DC-link voltage tracking performance comparison under sinusoidal reference signals at
resistive load RL = 60 Ω.

In the last verification, the efficacy of the proposed auto-tuner was investigated under the DC-link
voltage tracking control mode with a pulse reference from 300 V to 500 V and a resistive load of
RL = 60 Ω. The initial cut-off frequency was decreased to fvc = 2 Hz for ωcc = 2π fvc = 12.56 rad/s
to demonstrate the effectiveness of the proposed auto-tuner clearly. The resulting DC-link voltage
tracking behavior changes are shown in Figure 10, including the variable cut-off frequency dynamics
from the auto-tuner. This shows that the proposed auto-tuner effectively boosts the closed-loop
tracking performance during transient periods.

Increasing as 0, 0.02, 0.05

(@ 60 )

at

L
R

γ

= Ω

500 [V]

:  with 0.05
dc at

v γ = 300 [V]

:  with 0.02
dc at

v γ =

:  with 0
dc at

v γ =

�:  with 0.05
vc at

ω γ =

�:  with 0.02
vc at

ω γ =

�:  with 0
vc at

ω γ =

Figure 10. DC-link voltage tracking performance improvement tendency as increasing γat = 0, 0.02, 0.05.
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From these numerical data, it is seen that the useful closed-loop properties that were proven
in Section 3.2 result in practical advantages compared with the FL controller, which depends on the
true system parameters. Thus, the proposed controller can be considered as a promising solution for
several industrial applications.

5. Conclusions

This study offers a novel DC-link voltage tracking control algorithm with convincing numerical
data from realistic simulations. The proposed controller automatically updates the cut-off frequency
using the embedded auto-tuning algorithm. Rigorous closed-loop analysis was also presented for the
performance recovery and convergence properties. The closed-loop performance improvement was
confirmed by simulating a wind power system controlled by the proposed controller. A guideline
for systematic and optimal design parameter determination will be provided in a future study with
experimental data.
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