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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-g axis as [26]:

Liglig(t) = —Reigy(t) + p(igg(t))wr(t) +u(t), )
Ja(t) = —Bw(t) + Ty(t) — T.(ig(t),ig(t)), Vt >0, ()
T T
where ig,(t): = { ig(t) ig(t) } and u(f): = { ug(t)  ug(t) ] represent the state and

control input vectors whose component correspond to the d-g axis current and terminal
voltages. The nonlinearity of p(iz,(t))w,(t) acts as a disturbance to the current dynamics

T
of (1) where p(iz,(t)): = { Lgig(t) —(Lgiq(t) +Apm) } and w,(t): = Pw(t) with P being the
pole pair. In the mechanical dynamics of (2), the mechanical speed is represented as w(t) in
rad/s, and external mechanical and electrical torques are denoted as Ty,(t) and T(t) where

Tg(id(t),iq(t))i = gP(Aquid(i’)iq(t) + /\pMiq(t)>, Vit Z 0, with Aqui = Ld — Lq. The electrical and

mechanical machine parameters are given as follows: the d-g inductance of Ly, x = d, g, stator resistance
of Rs, magnet flux of Apy, 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 Py, (t), Peap(t), and Pyy;y(t) denote the input power, output capacitor power, and grid power,
respectively. These power signals are related as

Peap(£) = Cz;dc(t)d”j;t(t) — Py (t)—P

yia (1), ¥t > 0. 3)
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By combining the relationship of Py, (t) = Pg(t) — Pjgss inv(t), Vt > 0, with the PMSG power of
P (t) and inverter power loss of Pjy;, 1455 (), the equation of (3) gives

Coa(t) = L 1,4y  Plossin (D)

—iga(t), Yt >0, 4)
Vac(t) Vac(t) gria )
with ign-d(t) denoting the load current toward the grid.
})in Rgrid
» -1
Three-Phase| 7 o 5 ] |
Inverter L $ie Leria | I
PMSG ; : .
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Mechanical| {m . | 1 & | g |
Torque +§j — \ i; | 3|
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Figure 1. PMSG power system configuration.

For the system depicted in Figure 1, the d-g axis current of ix(t), x = d, ¢, and the DC-link voltage
of v,.(t) are treated as state-variables for feedback, and the d-q axis PMSG terminal voltage of u(t),
x = d, q, correspond to the control input to be designed later. The system parameters of Ly, x =4, g,
Apm, C, inverter power loss of Pygs ino(t), and load current of ig,;4(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 v4.(t) = v5.(t), ()

t—co

exponentially, where the target trajectory of v}j(f) satisfies the LPF:
@:k(t) = wvc(vdc,ref(t) - Uﬁc(t)), wye >0, VE >0, (6)

for a given reference signal of v ¢ (t). This study investigates the tracking performance improvement
by modifying the LPF dynamics of (6) as

Z.);c(t) = wvc(t)(vdc,ref(t) - U;C(t)), vt >0, (7)

where @y (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 Ly, x = d, g, Rs0, Appro, and Cp as

Covdc(t) = vdc(t> TE,O(t) + dU(t)

w(t) . w(t) 3 s
= bi,(t) + —~PALy, 0ig(t)ig(t) + dy(t), 8
vdc(t> 11( ) vdc(t) 2 dq,0 d( ) q( ) U( ) ( )
qu,Oidq(t) = *Rs,Oidq(t) + po(idq(t))wr(t) + u(t) + do(t), Vi >0, 9)
where  b: = 3PApmyo, T,o(t): = Te(ia(t),iq(t)) ,
. Ly=Ly0Apm=APMm0
Po(iag(t)): = [ Lgoiq(t)  —(Laoia(t) + Apmyo) } , and Lgpo: = diag{Lgo, Lgo}, Vt = 0.

T
The disturbances of dy(t) and dy(t): = [ dao(t) dgo(t) } represent the model-plant mismatches
and load variations.

3.1.1. DC-Link Voltage-Loop

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

Conet) = 5o o)+ 53
w(t) . w(t)
Udc(t)blq'ref(t)  0ge(t)

w(t) %PAqu/Oid(t)l’q(t) +dy(t)

w(t) §Aqu,0id(t)iq(t) +dy(t), Vt >0, (10)

big(t) + o) 2

with 7, (t): = igref(t) —ig(t), Vt > 0. Then, the g-axis current reference is proposed as

w(t)
vdc(t)

W

igref(£) = ijgg (Cooc(t)ac(t) —

~

~ ALgyia(1)ig(t) — do(t), ¥ > 0, a

N

where the DC-link voltage tracking error is defined as 94 (): = vgcref(t) — v4c(t), Vt > 0, and the
variable control gain of @y (t) comes from the proposed auto-tuning mechanism:

vac(t) = 'Yut(ﬁéc(t) +Pata)vc<t))/ Yat > 0, Pat > 0Vt >0, (12)

with @ye(t): = Woe — @oc(t), @oc(0) = wye > 0, V& > 0. The dynamical compensator of dAz,(t) is
updated as

2lt) = —lozlt) = BCooalt) ~ T ()00

d‘()(t) = ZU(t) + lvcovdc(t)/ l‘U > 0/ Vt Z 0/ (14)

, (13)
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with z,(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

diclh) = @oelt)aclt) - Co‘j,if’waqm + el
= Woclge(t) — Woc(t)Bge(t) — (:O“;E(%b{q(t) + Ciodl,(t), V>0, (15)

~

with dy(t): = dy(t) — dy(t), Vt > 0.

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

3.1.2. Current-Loop
Defining the current error of idq(t): = dggref(t) — ige(t) with the current reference of

T
idgref(t): = { iaref(t)  igref(t) } , it follows from (9) that

qu,Oidq(t) = qu,Oidq,ref(t) - qu,()idq(t)
= Rsoigq(t) — po(igg(t))wr(t) —u(t) +d(t), vVt >0, (16)

with d(t): = Ly olggref(t) — do(t), ¥t > 0. A controller is suggested to stabilize the error dynamics
of (16) as follows:

u(t) = Repigy(t) — poliag(t))wr(t) + d(t) + Lig,0Weclgg(t), wee >0, Vt >0, (17)

with the dynamical compensator of d(t) updating as

N-

() = —lz(t) = PLagoigg(t) + 1(—Rspiag (t) + po(iag (t))or (t) +u(t)), (18)
d(t) = z(t) + Lagoige(t), I >0, ¥Vt >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

g (1) = —wecdyg (1) + Lz d(1), ¥t >0, (20)

with d(t): = d(t) — d(t), Vt > 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 Udc(t) = Udc,ref(t) (21)

t—o0

as z)dc,ref(t),dv(t) — 0and d(t) — 0, exponentially. O
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Proof. First, rewrite the DOBs for the DC-link voltage- and current-loops of (13), (14), (18), and (19) as

A A w
dy — ZUCOTjdc = —ly(dv — va()Udc) — Z%COUdc — IUTE'OE/
c
d—ILyoigg = —1(d—ILyyoisy) — PLagolsg +1(—Rsoigg + powr +u), ¥t >0,

which gives their error dynamics (by (8) and (16)):
dy = —lody + dy, d = —1d+d, Vt > 0. (22)
Defining the DC-link voltage error of 90 (f): = Vg ref (t) — vac(t), ¥t > 0, it follows from (15) that

Uge = vdc,ref_vdc

1 .
—dy + Z)dc,refr Vit >0, (23)

~ . Tz
= —WycOge + Woclgc + bey iz, — Co

w
COUdc

T
with ep := [ 01 ] . Then, the time-derivative along (12), (20), (22), and (23) of the positive definite
function defined as

1 ~2 K] v 2 1 ~2 K2 k7) K3 F112 .
V 2vdc+3||1dq|| +mwvc+?d0+5”d” 7 Ki >O, 1:1,2,3, VfZO, (24)
is obtained as
y ~ & T % 1 - A ~ 2 ~T 2
V = 004+ Kilgglag — ’)/—wvcwvc + kodydy + K3 d d
at

= e~ WocBge + @oclige + CLbezT Ty — L+ Vaere /)
00dc Co
11Ty (—weeldy + Ly @) = @oc (35, + parcioc)
—tolod? + Kadypdy — 1531 ||d|)? + k3d d
= *wvcﬁgc - Klwa’”idq”z - Pata’%c - KZlvd% - K3l||<~i\|2

1. . T s
= Bgedy + raigg Ly d + wy, VE >0,

+0 g0 =—— C bez igg — Co

. 717 . -7 17T . o .
where w: = [ Dderef  Kado K3dT } andy: = [ Tgc  dy ar } . Applying the Young's inequality
of xTy < §||x||? + % [ly||%, Ve > 0, Vx,y € R" to the indefinite terms of V, it holds that

2 2
. _ Woc o wmuxb [N ~2
vV < = Y4 — (K1(4JCC 2 7)||1dq|| — PatWye
3 ‘ 4wocC Udcmm 2
L L
—(roly — ———)dy — (K3l — 7)||d|| +w'y, Vt >0,
4wy Cj 2

with wyax and v, iy being the maximum and minimum values of w and v, respectively, whose upper

2
bound can be obtained by the constants of x;: = Cl]lcc(éw::]# +1), k2 = %(m +1),
L) i
and x3: = }(——1— + 3) as
~ _ Woe 2 H ) 3112 T
V. < ;Cvdc Hldq” pﬂtwvc 7d 7HdH +twy

< —aV+wl y, Vt >0, (25)
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2wy

with a: = min{ =5, K1 2pat'yat, %! % } 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 Wy (t) coming from the auto-tuner of (12) satisfies

@pe(t) > wye, Yt > 0. (26)

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

A ~ ~2
Wye = —YatPatWoc + YatPatWoc + Yat Oy,

which indicates that (by integrating both sides)

t
. ~Yatpatt - = 0
QOpe = € YatPat Woe + /0 e YatPat (t—T) ('Yatpath;c + ’)/atvdc)d‘[

t
2 e_’)’arputtwvc JF’YatPatwvce_%tpmt/O e'YarPatTdT

= Wy, Vt > 0.

O

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 4 (t) = vg(t) (27)
as dy(t) — 0and d(t) — 0, exponentially. O

Proof. Using (7) and (15), the dynamics of the tracking error 77 := v}, — v, is obtained as

idNZ}/ Vt Z 0/ (28)

T*
bez ldq — CO

5o gty Y
U5 = —WycOy, Cotne
c

T
with ep = { 01 } . The time-derivative along (20), (22), and (28) of the positive definite function
given by
1, c172c2~2 €31 %112 )
V* = Z(UZC) EHlqu + Edy + EHdH ,c>0,1=1,2,3, Vt>0, (29)
is given by
ik ~% Ak w T+ 1 -
\% = vdc(—wvcvdc + mbezldq — ?Odv)
T 13y 0 S ;= T~
+C11dq( Weclgg + qu d) Czlvdv CngdH + colydydy + c3ld™ d
= _d)vcwéc)z - Clwccnidquz L d~2 - C3l||a||2

+vdcc bezldq d +c11qu Ld + cplydyd, +C3ld d, Yt > 0.

Udc C
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Applying the result of Lemma 1 and the Young's inequality to the indefinite terms of V*, it holds that

2 2
. w Wiaxb 1.z
V*<—UCZ)2—CLU max OIEL 2
— 3 ( dC) (l cc 4 vcczvdcmln 2)||ldq||
5 S
—(caly — ———5)d5 — (c3l — 7)Hd\| + colydydy, +c3ld d, V>0,
4wy Cj 2
whose upper bound can be obtained by the constants of ¢;: = wlc - (ﬁ +1),cp: = ll (Mi 3 +1),
1,40 1
and c3: = 1(—5— + 3) as
. w 2 1 - 2 1 ) 1, ~ 2 - T~
Vo< - ;C( 55 ) *§||ldq|| 7§dv—§||d|| + colydydy +c3ld” d
< —a'V* A+ ooldody + c31d"d, VE >0, (30)
with a*: = min{ 2‘““,% % ‘b , which completes the proof. O

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.,

Udc(oo) = Udc,ref(oo)/ (31)
where limt 000 (1) = Vg (00) and limy o0 Vge ref (1) = Ve ref(00). O

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

_ o . w(eo) . 1 -
0 = @yc(0)Tge(o0) — CoUdC(OO)beledq(oo)+€0dv(w)’ (32)
0 = —welyy(o0) + Ly d(co), (33)
0 = dy(e), 0=d(co). (34)

The equation of (33) implies idq(oo) = 0 from the equation of (34), which shows that 7;.(c0) = 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. O

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 uy(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

Ry = 0.0990Q, Ly =407 mH, x =d,q, Apps = 0.3166 Wb, P = 40,
J] = 0.02 kgmz, B =0.000425 Nm/rad/s, C = 2350 uF, (35)
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and the control algorithms were constructed using the nominal system parameters:
Rs0 =0.7Rs, Lyp = 1.5Ly, Appg = 1.2Appm, Co = 0.6C, x =4, 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 x 103 kgm?, 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.

Propeller+Turbine+tPMSM
Three-Phase Inverter v
s Kk s IKE s dc =
> » {-JI: §
s JK& a'(,JK% 52J|¢0
| I
PWM
I I
l Tua,b,c l
I abc abc I
I > dq dq |
| I ”df l
| —‘ Controller ! I
I 7y I
L _ _ _Controller Implementation _ _|

Figure 2. Closed-loop system implementation.

The control law of FL method is described as

N [
ug(t) = Lygwecks() + Ropwee /O I (1)dT — Lygwy (Hig (1), 37)
- £
ug(t) = Lq,Owcciq(t) + Rs,()wcc/o 1g(T)dT + Laowy (t)ia(t)
+Apmowr(t), Vt >0, (38)
with
. o vdc(t) ~ 2 f ~
Igref(t) = b (D) 2CowycBic (t) + Cowye A Gac(T)dT ), Vt >0, (39)

where 05 (t) = Ve ref () — vac(t), Vt > 0, which gives the closed-loop transfer functions for the voltage-
and current-loops:

Ix(s) _ E{ix(t)} _ W x=dqg
Ix,ref(s) [’{ix,ref(t)} S+ wee T
Vic(s) _ L{va(t)} _ W

Vdc,ref (S) ‘C{vdc,ref(t } 5 + Wy ’

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 foc = 200 Hz and f,c = 4 Hz for wee = 27 fee = 1256 rad /s and wye = 271 fy = 25.1 rad/s.
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The proposed controller was tuned as I, = I = 50, v = 0.05, and ps+ = 15/ y,4¢. 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, Ry = 30, 60,120 Q). 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 g-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.

550 550

500 [V] 500 [V]

500 f 500 f

450 450

|

— v, (@R, =30Q) | — v, (@R, =30Q)

400 400 1

— v, (@R, =120Q) ] sl
300 [V]

— v, (@R, =120Q)

350

300 300

< FL Controller >
250 250 . .

0.4 0.6 0.8 1 12 14 16 0.4 0.6 0.8 1 12 14 16
Time (sec) Time(sec)

< Proposed Controller >

Figure 3. DC-link voltage tracking behavior changes for three loads, R}, = 30, 60,120 Q).

60 60

N TR f'._'«u_;uu_'
|

40 | 1 40
30 30

20 20 -

— - — /_..._.__;_ ___________

10F . |/ 1 10¢r . 1
— i, (@R, =30Q) | — i, (@R, =30Q) —

] 7 or 7

A0 —ti (@R, =120Q) 177 —:i (@R, =120Q)

-207r 1 201

< Proposed Controller > < FL Controller >
. . ‘ a0 . . .

0.4 0.6 0.8 1 12 14 1.6 0.4 0.6 0.8 1 12 14 16
Time(sec) Time(sec)

Figure 4. g-axis current response comparison result under DC-link voltage tracking control mode.
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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 R, = 60 Q) to Ry, = 24 (3; (b) restoring
the resistive load after increasing it from R; = 120 Q) to R, = 30 ); and (c) restoring the resistive
load after increasing it from Ry = 30 Q) to Ry = 17 Q). 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 g-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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Figure 7. DC-link voltage regulation behavior changes under three resistive load change scenarios:
(@R, =600—240—=600;(b)R, =1200 =300 — 120);and (¢) R, =300 = 17Q = 30 Q.
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Figure 8. g-axis current response comparison under DC-link voltage regulation mode.

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

Md(t) = Rs,oid(f) — quowr(t)iq(t) + LdroACCITd(t) + dAd(t), (40)
Lyow(t)
o . . q,0 sk
uq(t) = Rs,Olq(t) + Ld,Owr(t)Zd(t) + )Lerowr(i’) + 7Covdc(t) (P
+LgoMeciy(t) +dg(t), Aec >0, V>0, (41)
with the DOBs of

dx(t) = Cx(t) + lex,O;x(t)/ x=d, q,
Za(t) —14Za(t) — 3L ota(t) + 1y ( — Rs0i4(t) + Lgowr(t)ig(t) + ”d(t)) I3>0, (42
Zq(t) = *lng(t) - lqu,O{q(t)

+lq ( — Rs,()iq(t) — Ld,Owr(t)id(t) — Aleowr(f) + qu(f)), lq >0, vVt > 0. (43)

The corresponding g-axis current reference is updated as

(1) = P (Coracie) = 2 PAL a1y (1) + 1)), >0, V020, (4
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along with the output voltage tracking error of @;.(t) = v}j.(t) — v4.(t) where the desired trajectory of
v} (t) comes from

0i(8) = ne (Oa0ey () = 03 1)), V1 20, )
and the DOB for (44) is given by

do(t) = Colt) +CoTy(t),
w(t)

Go(t) = —loQo(t) — 12Cod5 () + ZUW <biq(t) + ;PAquloid(t)iq(t)) I, >0, Vt > 0.
Cc

The cut-off frequency of wy. 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 A,c = 125.6,
Ace = 1256, I, = l; = I, = 314. This stage used the three-kinds of sinusoidal reference signals given
as Vge,ref(t) = 500 + 100sin(27tft) 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.

VAT NS IS A b IR L A
N RV AV Y A VIV car Wy
400 Vi, (@3Hz) 8 4 (@6Hz) " Ly (@12Hz) "
— :v,. (Proposed Controller) — :v,. (Proposed Controller) — :v,. (Proposed Controller)
o — :v,. (DOB-based Controller) — :v,. (DOB-based Controller) — v, (DOB-based Controller)
1 11 12 13 14 15 16 1.7 1.8 19 21 11 12 13 14 15 1.6 17 18 19 21 1.1 12 13 14 15 16 17 1.8 19 2
Time(sec) Time (sec) Time(sec)

Figure 9. DC-link voltage tracking performance comparison under sinusoidal reference signals at
resistive load R; = 60 Q).

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
Ry = 60 Q. The initial cut-off frequency was decreased to f,c = 2 Hz for we, = 271 fyc = 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.

40
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00| \ : I
-t ‘| ".‘ 0, with 7, =0.05 ‘| |
| '.I ro, with 7, =0.02 '.I
il ‘ | —: o, with 7, =0 | \
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|
Increasing ¥,,as 0';‘ 0.02, 0.05
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Figure 10. DC-link voltage tracking performance improvement tendency as increasing 7, = 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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