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Abstract: This study proposes a disturbance observer-based proportional-type DC-link voltage
tracking algorithm for permanent magnet synchronous generators (PMSGs). The proposed technique
feedbacks the only proportional term of the tracking errors, and it contains the nominal static
and dynamic feed-forward compensators coming from the first-order disturbance observers. It is
rigorously proved that the proposed method ensures the performance recovery and offset-free
properties without the use of the integrators of the tracking errors. A wind power generation system
has been simulated to verify the efficacy of the proposed method using the PSIM (PowerSIM) software
with the DLL (Dynamic Link Library) block.

Keywords: permanent magnet synchronous generator; DC-link voltage control; performance
recovery property; offset-free property; disturbance observer

1. Introduction

Because of the high efficiency, high power, and simple structures, the use of permanent magnet
synchronous machines (PMSMs) for various motoring and generating applications has been preferred.
Eliminating the external rotor excitation removes the rotor losses, which improves the PMSM efficiency
dramatically. Moreover, the absence of rotor winding eliminates not only the slip rings but also the
brushes, which leads to a considerable reduction of the maintenance costs [1-6].

In power generating applications, the PMSM plays the role of a balanced three-phase AC power
supply depending on the input mechanical power source, such as wind power, thermoelectric power,
nuclear power, and so on. The DC-link voltage across the output capacitor should be controlled
by the three-phase inverter with properly designed control algorithms. Because the corresponding
DC-link voltage control problem of the PMSM-based power system is equivalent to the case of the
AC/DC converter with a variable AC power source, the extant solutions for the AC/DC converter
output voltage control problems can be applied. The cascade control strategy has mainly been
adopted for controlling the output voltage of AC/DC converters, where the outer-loop controller
produces a desired d-axis current reference for the inner-loop current controller so as to regulate
the output voltage. Because of the simple structure, the proportional-integral (PI) controller has
commonly been used for the both inner and outer loops [7]. In the AC/DC converter model, there
exist inherent nonlinearities and disturbance terms in the output voltage and current dynamics, which
could cause a severe closed-loop degradation or instability. Several novel control techniques have
been applied for developing the inner-loop current controller to improve the output voltage tracking
performance by dealing with the nonlinearities and disturbance terms accordingly. For instance,
feedback-linearizing [8,9], passivity-based [10], and predictive [11] schemes remarkably enhanced the
closed-loop performance by canceling the nonlinearity and disturbances using the true parameters
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of the AC/DC converter. The model predictive controllers (MPCs) in [12] were designed to try to
enhance the transient performance through minimizing the cost function tracking errors, by using an
exhaustive search method for each sampling time. These advanced methods, however, require the use
of the true parameters of the converter, such as the resistance, inductance, and capacitance, to ensure
closed-loop stability with the desired closed-loop performance. Thus, it is questionable that these
advanced schemes can still provide the desired closed-loop performance with the stability guarantee,
as the converter parameters and the load current can be dramatically changed in accordance with the
operating conditions. An adaptive current controller in [13] has been devised in order to deal with the
parameter uncertainties, but it is ambiguous whether the current convergence property is still valid
without an offset error in the real implementation due to the absence of the integrators in the tracking
errors. The recent sliding mode controller in [14] was developed in order to enhance the output
voltage tracking performance in the transient periods by suppressing the disturbance terms caused
by a plant-model mismatch. In the case of the proportional type output voltage controller in [15],
there were no stability analysis and steady-state analysis with respect to the offset errors. Disturbance
observer (DOB)-based output voltage controllers are used in [16,17] that include the integrators of the
tracking errors, which may require the use of anti-windup algorithms.

There have been many multi-variable approaches in [18-21] to solve the output voltage tracking
problem of the AC/DC converter. These methods have been made through two steps; first, a positive
definite function with respect to the tracking errors was defined, and second, a control action was
derived to make the positive definite function monotonically decreasing for all time. However,
knowledge of the true parameters is required to ensure the closed-loop performances.

This paper offers a DOB-based proportional-type DC-link voltage tracking algorithm, considering
the nonlinearity in the DC-link voltage and PMSM dynamics with the model-plant mismatches.
The proposed method is derived through a multi-variable approach, which combines the simple
proportional-type feedback linearizing (FL) controller with the first-order DOBs. The contribution of
this article is summarized as follows. First, it incorporates the first-order DOBs in the proportional-type
FL DC-link voltage control algorithm so as to stabilize the tracking errors. Second, it is rigorously
proved that the closed-loop system ensures the performance recovery property as well as the offset-free
property without the use of the integrators of the tracking errors. The realistic simulation results
confirm the efficacy of the proposed method, in which the wind power system with the output
capacitor has been emulated by PSIM (PowerSIM) software.

2. Permanent Magnet Synchronous Generator Model in Rotational d-q Axis

In the rotational d-g axis, the electrical and mechanical dynamics of the permanent magnet
synchronous generator (PMSG) are given by [22]:

dig(t)

Ld dt :—Rsid(t)+qur(t)iq(t>+”d(t) (1)
dig(t) o
Ly =12 = —Raiy(£) = Lawr(£)ia(t) = Apicor (£) + g (1 )
R~ _Beo(t) + Tu(t) — Tulia(t), ig(1)), ®)

Vt > 0, where i4(t), iz(t), and w,(t) := Pw(t) denote the d-q axis’ current and electrical speed,
respectively, and w(t) and P represent the mechanical speed and the number of pole pairs, respectively.
The PMSG parameters Rs, Ly, Ly, Appm, B, and | represent the stator resistance, d-q inductances, magnet
flux, viscous friction, and rotor moment of inertia, respectively, and Ty, (t) is the input mechanical
torque. The input voltages u;(t) and u,(t) are treated as the control input, and the electrical torque

T,(ig(t),14(t)) is given by
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To(ia(t),ig (1) = ip(Aquidm(t) T ApMiq<t>), vt >0 @)

where ALy, := Lg — Lyg.
Letting Peap(t), Pin(t), and Py,;4(t) be the capacitor power, input power, and grid power,
respectively, as shown in Figure 1, it holds that

dvg.(t
Pcap(t> = Cvdc(t) th( ) = Pin(t) - Pgrid(t)r vt >0 ®)
and, because the input power of P;,(t) can be decomposed as Pj,(t) = Pg(t) + Piss,ino(f),

Vt >0, where Pg(t) and Py iy (t) are the generator output power and the inverter power loss,
respectively, it follows from Equation (5) that

cdaclt) _ ()

dt vg(t)

Ploss,inv (t)
Udc(t)

where I,,4(t) denotes the load current to the grid.

Te(t) + - Igrid(t)/ Vi=0 (6)

Mechanical
Torque
Generator

Load

Figure 1. The permanent magnet synchronous generator (PMSG) power system topology.

It should be noted that it is difficult to consistently identify the true values of the PMSG parameters,
with the exception of the number of pole pairs P as well as the output capacitance value, because the
parameters can dramatically vary with the operating conditions, such as the phase current, DC-link
voltage, and PMSG temperature. Thus, it is reasonable for the dynamical Equations (1), (2), and (6) to
be rewritten as

Lio diddgt) = —Rspig(t) + Lyowr(t)ig(t)

F1u4(t) +dgo(t) @)
L™ = Ry (1)~ Laowr(8)it) — Apaageor ()

+1q() + dg,o(t) 8
o foaet) MTg,(](t) Fdyo(t), VE>0 ©)

dt Udc(t)
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with the nominal parameters of R;o, Lo, Lg0, Apmo, and Co, where the nominal torque Teo(t) is
defined as
Teo(t) := Te(t) ,VE>0
Lg=Lgp0,Lqg=Lq0APMm=APM,0

and d;,(t), dg,(t), and dy o (t) denote the unknown disturbances caused from the parameter mismatch,
unmodeled dynamics, and load uncertainties.

The next section develops a DC-link voltage tracking algorithm based on the perturbed PMSG
current dynamics of Equations (7) and (8) with the DC-link voltage dynamics of Equation (9). To this
end, the following assumptions are made:

1. The disturbances d;,(t), dg,0(t), and dy,(t) are unknown, but their time-derivatives are bounded
for all time.

2. The stationary a-b-c phase current and the PMSG speed w(t) are measurable so that the rotational
d-q axis currents are available for feedback.

3. DC-Link Voltage Tracking Algorithm Design

The DC-link voltage control objective is to force the closed-loop system to behave according to
the transfer function given by
Ve (s) Woc

= ,VseC 10
Vdc,ref(s) S + Wy (19

where wy, is the desired cut-off frequency as a design parameter, and V; (s) and Vj, ¢ (s) denote the
Laplace transforms of the DC-link voltage v} (t) and its reference vy . (t), respectively.
The time domain expression of the target dynamics of Equation (10) can be written as

05 (t) = woc (Udc,ref(t) — U;‘lc(t)>, V>0 (11)
and, then, with the target dynamics of Equation (11), defining the error as
T3 (1) == 05.(t) —vge(t), VE>0
the DC-link voltage tracking error dynamics can be obtained as

Codi (t) = Cotrs,(t) — Covae(t)
= Wi (1) — %%PAqu,oid(t)iq(t) + d (1)

w(t . w(t >
= =W big e (1) + 2By (1)

— S 3 PALggia (1)ig () +do(t), ¥t > 0

(12)

where b := %P)\ PM,0/ igref(t) denotes the g-axis current reference, the g-axis current tracking error fq (1)

is defined as 7, () := igref(t) —ig(t), Vt >0, Lgg0 := Ly ,and dy(t) := Co}j.(t) — doo(t),
LaLg=LapLgo
Vi > 0.

The stabilization of the tracking error dynamics of Equation (12) can be established by the
proposed g-axis current reference:

igref(t) = Zf; 8 (coAvcﬁ;C(t) - %im%gid(tﬁqm + d}(t)), vt >0 (13)
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where Ayc > 0 refers to the design parameter for adjusting the decay ratio of the DC-link voltage
tracking error of & (t), and d,(t) represents the estimated disturbance defined as

N

dy(t) := Co(t) + 1,CoTy.(t), VE>0 (14)
The state {,(t) satisfies the nonlinear observer dynamics:

“’(t)) (biq(t) + gPAqu,Oid(t)ili(t))’ vEz0 (15

Co(t) = —Lolo(t) — lzzzcoﬁzgc(t) + 1y ouct

where I, > 0 is the observer gain as a design parameter. For the rest of this article, the nonlinear

observer of Equation (15) with the output of Equation (14) is called the DC-link voltage DOB.
Substitution of the proposed g-axis current reference of Equation (13) to the DC-link voltage error

dynamics of Equation (12) yields that

w(t) - 1

) big(t) + =dy(t), Vt >0 (16)

Z;):;C(t) = —)\Ucﬁgc(t) + W

where d,(t) := dy(t) — dy(t), ¥t > 0. Lemma 1 presents the stability property of the closed-loop
error dynamics of Equation (16), which helps the whole closed-loop stability analysis to be performed
considerably easily.

Lemma 1. For any specified designed parameters Ay > 0 and I, > 0, the proposed g-axis current reference of
Equation (13) forces the DC-link voltage error dynamics of Equation (16) to be strictly passive with respect to
the input—-output mapping given by

;;it)t big(t) 03 (t)
[ () ] - l 4 (1) 17)

for some positive constant .

The result of Lemma 1 implies that the DC-link voltage of v;.(t) exponentially converges to the
target trajectory of v’} (t) if the two signals of 7,(t) and d,(t) exponentially vanish. The Appendix A
proves Lemma 1 by showing the positive definite function, defined as

Vi (1) = 50302 + (), ¥ > 0 18)
to be
Vo, (t) < =g, Vo, (t) + 05 (1) C;;(i:)(t) big(t) + yodo (t)dy(t), Vt > 0 (19)

for some constants «,, > 0 and 7y, > 0. For details, see the Appendix A.
The next step is to derive the d-g axis current error dynamics, which can be obtained as

Laoka(t) = Laoiarer(t) = Laofa(t) (20)
= Rspig(t) — Lgowy(t)ig(t) — ug(t) +da(t)
Lq,O;q(t) = Lq,Ol:q,ref(t) - Lq,Ol:q(t)
= Rsig(t) + Lagw(t)ig(t) + Appows(t) (1)

—ug(t) +dgy(t)
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where

dg(t) = Laolarer(t) —dao(t)
dg(t) = Lgolgref(t) —dgo(t), V£ >0

For stabilizing the error dynamics of Equations (16), (20) and (21), the control law is proposed as

~

ug(t) = Repia(t) = Loowr(t)ig(t) + LaoAccia(t) + da(t) (22)
. . Loow(t) ; ~y
ug(t) = Rsoiq(t) + Laowr(H)ig(t) + Apmowr(t) + %bvdc (23)

+LgoMccig(t) +dg(t), VE >0

where the design parameter A, > 0 is introduced to tune the decay ratio of the current tracking errors
ix(t), x = d, q; the estimated disturbances, d}(t), x = d, q, are defined as

dy(t) := Cx(t) + LLypix(t), x =d,q, Vt > 0 (24)

and {y(f), x = d, q denote the states of the nonlinear observers:

Ca(t) = —1aZa(t) = 3Lala(t)
+1a(( = Roaia) + Lawr (036 + (1) )
gq(t) = _lng(t)_lqu,qu(t)
(26)

+lg ( — Rs0iq(t) — Laowr(t)ig(t) — Apmowr(t) + “q(f)>/ vE>0

where I, > 0, x = d,q are the observer gains as design parameters. For the rest of this article,
the nonlinear observers of Equations (25) and (26) with the outputs of Equation (24) are called the
current DOBs.

Substituting the control laws of Equations (22) and (23) to the d-g current error dynamics of
Equations (20) and (21), it is easy to see that

) = “Aadilt)+ i) @)
() = —Accy(t) — C(j;ij)(t)bﬁzc(t) + L;ojq(t)’w >0 (28)

where d,(t) := dy(t) — dy(t) and x = d,q, Vt > 0. Lemma 2 presents the stability property of the
closed-loop error dynamics of Equations (27) and (28), which helps the whole closed-loop stability
analysis to be performed considerably easily.

Lemma 2. For any specified designed parameters Acc > 0, Iy > 0and x = d, q, the proposed control law of
Equations (22) and (23) forces the d-q axis error dynamics of Equations (27) and (28) to be strictly passive with
respect to the input—output mapping given by

: )0 i4(t)

— W5t (t) i (1)
Covge(t) ~ 7 de a 29
Yadd(t) ~ dg(t) @)

'Yq‘iq(t) dq(t)

for some positive constants vy, x = d, g.
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The result of Lemma 2 implies that the d-q axis current tracking errors exponentially vanish if
the signals of 7%, (t) and dx(t), x = d, q also vanish. The Appendix A proves Lemma 2 by showing the
positive definite function defined as

Vi(t) = ¥ 3RO+ ¥ B, vt >0 (30)
x=d,q x=d,q
to be
Viag(£) < —gq Vg (£) — Zq(t)(:;ji%bﬁgc(t) + Y vadx(t)dx(t), VE>0 (31)
¢ x=d,q

for some constants Ngg > 0 and yx > 0, x = d,q. For details, see the Appendix A.

Now, it is ready to analyze the closed-loop tracking error behaviors by using two inequalities of
Equations (19) and (31), which are obtained as the results of Lemmas 1 and 2. See the Appendix A for
the proof of Theorem 1.

Theorem 1. For any given control parameters of Aye > 0, Aee > 0,1, > 0and Iy > 0, x = d, g, the proposed
control law of Equations (22) and (23), with the DOBs of Equations (14), (15), (24) — (26), makes the closed-loop
system exponentially recover the target DC-link voltage tracking performance of Equation (11), that is,

Iﬁzc(t” S ’YCleiLflt/ v|d~x| 2 dx/ Vt 2 0 (32)
for some g >0, v, > 0,and d, > 0.

Note that it is not clear whether the closed-loop system suffers the offset errors or not in the
real implementations, as the proposed control algorithms of Equations (22) and (23) with the d-axis
current reference of Equation (13) do not include the integrators of the tracking errors. Interestingly,
the proposed control law guarantees the offset-free property without the use of the integrators of the
tracking errors, which means that the control algorithm can be further simplified by removing the
corresponding anti-windup algorithms. This point can be considered a practical advantage of this
article. For details, see Theorem 2; the proof is given in the Appendix A.

Theorem 2. In the steady state, the closed-loop system always removes the DC-link voltage steady errors,
that is,

0 _ 0
Vg = Udc,ref (33)
where v9_and 09 cref denote the steady-state values of vg.(t) and vy ¢ (t), respectively.

Remark 1. The DC-link voltage and the current DOB dynamics can be written in the first-order low-pass
filer form:

de(t) = I (dx(t) - d}(t)), x=10,d,q ¥t>0

whose transfer functions are given by

Di(s) _ L .
Dy(s) s+’

=v,d,q,Vse€C (34)

which shows that the DOB gains 1, > 0 and x = v, d, q, can be tuned for the transfer functions of Equation (34)
to have a desired cut-off frequency in rad/s.
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4. Simulations

This section discusses the simulations to show the efficacy of the proposed method, comparing
this with the classical feedback linearizing method in [23]. PSIM software was utilized to perform the
simulations in which the control algorithm was implemented using the DLL (Dynamic Link Library)
block with C-language. The true parameters of the PMSG and the output capacitor were given by

R 0.099 O, Ly = Ly = 4.07 mH, Apy = 0.3166 Wb, P = 40,
] = 002kg- m?, B = 0.000425 Nm/rad/s, C = 2350 pF (35)

and it was assumed that the nominal parameters were given by
Rso =0.7Rs, Lgo = 1.5Ly, Lgo = 1.5Lq, Apmo = 1.2Appm, Co = 0.6C (36)

which were used for constructing the control algorithm. The wind turbine part was emulated by
adopting the wind turbine block of the renewable energy package in the PSIM software with the
nominal output power of 10 kW, a moment of inertia of 1 x 103 kg - m2, a base wind speed of 20 m/s,
a base rotational speed of 50 rpm, and an initial rotational speed of 10 rpm. It was assumed that the
wind came from the Weibull distribution-based wind model [24]. The control and the pulse-width
modulation (PWM) period were set to be 0.1 ms. Figure 2 depicts the implemented closed-loop system,
for which the load-side converter system with an AC load was assumed to be a single-phase passive
load for convenience.

T l Vdc -

. Wind n abc N Three-Phase 1175

Wind Turbine PMSG Inverter {T S
—

Ugg

DC-Link
Voltage [¢—
Controller

Implemented by DLL block with C—languageJ

Figure 2. The implementation of the closed-loop system

The cut-off frequencies were adjusted as f. = 200 Hz and f,. = 5 Hz so that
Wee = 27 foe = 1256 rad /s, wye = 27 fye = 31.4 rad/s,

which was applied to both of the proposed and feedback linearizing methods. The DOB gains were
selected as I, = I; = I; = 314 rad/s, for the cut-off frequency of the corresponding transfer functions
of Equation (34). Note that the d-axis current reference of iy () was set to zero for the maximum
torque per ampere (MTPA) operation of the surface-mounted-type PMSG used in this simulation. The
decay ratios of the DC-link voltage tracking error and the d-q axis current tracking errors were tuned
tobe Ay = 125.6 and Ar = wee = 1256.

The FL technique in [23] used for a comparison is described by

~ t~
ug(t) = Lyoweels() + Ryowee /0 iy (T)dT — Lyow, ()ig(t) 37)



Energies 2017, 10, 1387 90f17

uq(t) = Lq,Owcc{q(t) + Rs,0Wee f(; {q(T)dT + Ld,Owi’(t)id(t> (38)
+Apmowy(t), Vt >0
Here, the g-axis current reference comes from
. _ de(t) ~ 2 f ~ d Vi >
lq,ref(t) - bcu(t) 2C0wvcvdc(t) + Cowsye 0 vdc(T) T), Vi>0 (39)

where G4.(t) = 0gcref(t) — vac(t), V& > 0. Note that it is easy to verify that the FL method of
Equations (37)-(39) approximately yields the current and DC-link voltage-loop transfer functions
given by

Wec

Woyc

Gx(s) = St x=d,q, Gy(s) = St Vs e C
through the pole-zero cancellation, provided that the nominal parameters are equal to the true
parameters, thatis, Rs0 = Rs, Lyo = Ly, Appmo = Apy and Cp = C, x = d, q. The cut-off frequencies
wee and wy, were selected to be the same as for the proposed method.

The first simulation was conducted to evaluate the DC-link voltage tracking performance with
a resistive load of R, = 100 (3; the DC-link voltage reference was increased from 300 to 500 V, and
it was then decreased to 300 V. The simulation results are depicted in Figure 3, and they imply that
the proposed method successfully drives the DC-link voltage to rapidly follow its target dynamics
of Equation (11) in the presence of the model-plant mismatches. The behaviors of the estimated
disturbances and the wind pattern used in this simulation are presented in Figure 4.

Vde Vdc_(PI_Vdc_tracking_300V_to_500V_at_1000f

500 //:\M \
300 k*——

N

—: |V,.(Proposed Mgthod)
— :|V, (Classical Method)

0.4 0.8
Idsr Idsr_(PI_Vdc_tracking_300V_to_500V_at_1000hn Igsr Igsr_(PI_Vdc_tracking_300V_to_500V_at_1000hm

2 20 'i\
0

2
— i, (Proposed Method) [ Rl i, (Prof dsefl Methofl)
P i, (Classical Method) 0 L — : i, (Clagsical Method)
0 04 08 0 04 08
Time (9 Time ()

Figure 3. The closed-loop performance comparison between the proposed method and the feedback
linearizing (FL) method with a resistive load of Ry = 100 Q).
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DOB_d_FF DOB_g_FF DOB_v_FF w
20
k 24
i
22
r Y
20 18 I ﬂ‘ iy
wn ""mr 1 afll J(M [ ] ¥ f
e d, y ¥ FW W !
"
- - dq 12 ¥
-60 (/ 10
04 0.8 04 0.8

Time (s) Time (s)

Disturbance Observer Behaviors Wind Velocity Pattern (m/s)
Figure 4. The estimated disturbance behaviors and the wind pattern based on the Weibull distribution.

The second simulation compared the DC-link voltage regulation performances by applying the
pulse resistive load from R;, = 100 ) to Ry, = 28.6 Q) at the 300 V operation mode. Figure 5 depicts
the comparison results, which imply that the proposed method considerably reduces the over/under
shoots caused by the load variations, compared to the classical FL. method. The correponding PMSG
output power behaviors are presented in Figure 6.

Vdc Vdc_(PI_Vdc_regul_300V_at_1000hm_to_28.60of  vdc Vdc_(PI_Vdc_regul_300V_at_1000hm_to_28.60F

0

350 A

/ K
\ :
/r \ y, Magnifig¢ation
0

250 — V. (Proppsed Method) — |V, (Proposed, /ethod)
V — :V,.(Classical Method) — 1|V, (Classicgl Method)
200 (9) ° / (b)
0.4 08 0.4 06
Time (s) Time (s
dsr ldsr_(PI_Vdc_regul_300V_at_1000hm_to_28.6¢ Iqsr Iqsr_(PI_Vdc_regul_300V_at_1000hm_to_28.60t

0.5

Zau /i

A
05 . l \
Propose ~i(Pro [e Method)
=%
1 |—:i,(Classical Method) —_ iq(ClaspF:al Method)
(C) 25 (d)
0 0.4 0.8 0 04 08
Time (s)

Figure 5. The comparison result of DC-link voltage regulation performance between the proposed
method and the feedback linearizing (FL) method at the DC-link voltage of 300 V with a pulse
resistive load torque from Ry = 100 Q) to Ry = 28.6 (; (a) the resulting output voltage wave forms,
(b) a magnified version of (a), (c) d-axis current wave forms, (d) g-axis current wave forms
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Pow_INV_(DOB_Vdc_regul_300V_at_1000hm_to_28.6ohm_5H

3000 J\’ e
( /
2000 |k V/ \
1000 ¥ J\}‘"x.-—/"""—
ed Mt

— : PMSG Power (Propo hod)
—: PMSG Power (Classical Method)

0 0.4 0.8
Time (s)

Figure 6. The permanent magnet synchronous generator (PMSG) output power behaviors of the
proposed method and the feedback linearizing (FL) method at the DC-link voltage of 300 V with a
pulse resistive load torque from Ry = 100 Q) to R, = 28.6 Q).

The third simulation was performed to show the closed-loop robustness by investigating the
DC-link voltage tracking performance variations for different load conditions, such as R, = 100, 50, 30 Q2.
The DC-link voltage reference was increased from 300 to 600 V. The corresponding result is given in Figure 7,
which indicates that the proposed method effectively suppresses the DC-link voltage tracking performance
variations for several load conditions.

Vdc Vdc_(DOB_Vdc_tracking_300V_to_600V_at_500 Vdc_(PI_Vdc_tracking_300V_to_600V_at_1000hm_8Hz)
700 700

600 — 600 Qi‘:“:":_r—.—
|V li/a

/ — V(@R =100Q) V. (@R, =100Q)

400 =V (@R, =50Q) 400 — |V, (@R, =50Q)
V. (@R, =B0Q) V. (@R, =B0Q)
300
300
0.5 0.6 (a) 07 0.8 05 06 (b) 07 08
Time (s) Time (s)

Figure 7. The DC-link voltage tracking performance variation comparison between the proposed
method (a) and the feedback linearizing (FL) method (b) at three resistive loads: R}, = 100,50, 30 Q).

In the last simulation, the DC-link voltage tracking behaviors were compared at a resistive load of
R, = 100 () with the same DC-link voltage reference by increasing the cut-off frequencies, such as
2,5,8 Hz. As can be clearly seen from the result presented in Figure 8, the proposed method efficiently
assigns the desired DC-link voltage tracking performance to the closed-loop system, unlike the classical
FL technique.
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Figure 8. The DC-link voltage tracking behavior comparison between the proposed method (a) and
the feedback linearizing (FL) method (b) by increasing the cut-off frequencies, such as 2, 5, 8 Hz.

As shown in the simulation results, in contrast to the classical FL method, the proposed method
successfully maintains a satisfactory closed-loop performance despite the operating mode changes.
Hence, the proposed method offers almost the same closed-loop performance for various operating
ranges without any additional gain scheduling method, which corresponds to a practical advantage of
the proposed technique.

5. Conclusions

In this article, a robust DC-link voltage tracking algorithm was proposed by incorporating
first-order DOBs in the proportional-type feedback-linearizing DC-link voltage control algorithm. It is
rigorously shown that the proposed method guarantees the performance recovery property with the
offset-free property. The efficacy of the proposed method has been confirmed by performing realistic
simulations for wind power system applications.
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Appendix A

This section proves Lemmas 1 and 2, and Theorems 1 and 2 in a sequential manner. First, Lemma 1
is proved as follows.

Proof. The nonlinear observer of Equation (15) with the estimated disturbance of Equation (14) can be
written as

3 Lk 7 ~k 3
dy — 1,Coth. = —ly(dy — 1,CoT5,) — 12CoT5, + (blq + 2PAqu olaig), V£ >0

which can be rearranged as

>e

[
Q

= I <Covdc vc(biq+§PAqu,0idiq)—cfv> (A1)
= lody, V>0

where d,, := d, — d, Vt > 0, because it follows from the error dynamics of Equation (12) that

3
dy = C()Udc (blq PAqu Oldlq) vt>0
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Now, consider the positive definite function defined in Equation (30):

VUdc = ;( dc) ’)’Ud? VE>0

where the positive constant 7, will be determined later. The corresponding time derivative of the
function of Vi, x = d, g, along the trajectories of Equations (A1) and (16), is obtained as

Vvdc = ﬁ:lcﬁjlc + ,YUJ d~
= /\Ucvdc+Cv bzq+c d. > + Yody <—lvdv+dv) (A2)
S A G cz)‘{2 + 0 iy bl Yodody, Vi 2 0

where the last inequality is verified by applying Young’s inequality:
€2 1,
xygix +£y,Vx,y€R,Ve>O (A3)

It is easy to see that the positive constant y,, determined as

1 1 1
_1 1 A4
- lv<%ccg +3) (a4)

makes the inequality of Equation (A2) as follows:

. A 1
Vo < — 206( ) — 7d7+ dcc b’rﬁr%d dy,
< =g, Vo, + UdCC bzq + %d dy, YVt >0 (A5)
where ay, = min{Ay., L , which implies the strict passivity of the input—output mapping of
dc 7o P P Yy p P ppmg

Equation (17). O
The proof of Lemma 2 is given as follows.

Proof. The nonlinear observers of Equations (25) and (26) with the estimated disturbances of
Equation (24) can be written as

di—1iLaoia = —la(dg—14Laois) — I3La0ls
+14(—Rq 0ig + Lq Owrzq +uy),
qu — quqlolfq = q( g — l Lq Olq) — l Lq Olq
(—

+1 q sOlq — Ld,O“Jrld — )\leowr + Mq), Vt>0

which can be rearranged as

di = 13(Laoig — Regiq + Loowriq + g — dg)
= lydg, (A6)
dq = lq(Lq,O;q — Rs0ig — Lgowrig — Appmowr + Ug — d})
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because it follows from the error dynamics of Equations (20) and (21) that

g = Ld,O{d — Rs0ig + Lq,Owriq + ug,
dg = Lq,ofq — Rs0iq — Lgpwrig — Apmowr + g, VE >0
Now, consider the positive definite function defined in Equation (30):
V=Y 24+ ¥ B2 viso0
17— & 27 27 -
x=d,q x=d,q

where the positive constant vy, x = d, g is determined later. The corresponding time derivative of the
function of V,, along the trajectories of Equations (A6), (A7), (27) and (28), is obtained as

qu = ZX:d,q ;Xfx + Zx:d,q ')’dex‘ix
= le ( - /\cc{d + L}I,Ode> + {q < - /\cc;q — —C(;‘édc bﬁ:l Lid >

+ Zx:d,q ’)/xd~x < - lxd~x + dx> (AS)

IN

+ Zx:d,q r)/xdxdx, V>0

where the last inequality is verified by applying Young’s inequality of Equation (A3). It is easy to see
that the positive constants vy and x = d, g, determined as

1 1 1
= (42} x=d, A9
= (2)\“1@,0 + 2) x=aq (A9)

make the inequality of Equation (A8) as follows:

qu < Zx dq 2 Zx dq zdhz ;‘7Covd bvdc+2x dq’dexdx
<

(A10)
—aqViag — 111 Coone V0c T La=dg Yxdxdy, Vt >0

where ay, := min{A

1q }, which implies the strict passivity of the input-output mapping
of Equation (29). O

ccr ryd

Theorem 1 is proved as follows.

Proof. Define the composite-type positive definite function as
Ve i=Vy, + qu, Vi>0 (A11)

where the two positive definite functions of Vi, x = vy, dq are defined in Equations (18) and (30).
Then, the time-derivative of V along the trajectories of Equations (16), (27) and (28) is obtained as
Vcl Vvdc + qu
—y, Vo, +vch o bzq + Yodydy
—Qdg qu lq COUdc bvdc + Zx:d,q 'dexdx
— 0oy Vog, — %agViag + Lx—od,g Vedudz, Yt >0

IA

(A12)
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where the first inequality is obtained by the two inequalities of Equations (19) and (31). The application
of Young’s inequality of Equation (A3) makes the inequality of Equation (A12) as follows:

. oy oy, n ~ .
Va < ——5<Vo, — Tquq - Zx:v,d,q Cxdy + Zx:v,d,q Vxtxdy (A13)
< —agVy, V)dy| > “%ix, x=0,d,q, Vt >0
. e 19 14 14 19 T oy
where a := min{—<, %}, Cy 1= Udzi%' cq = "‘fd, g = ”"Zm, and d, stands for the positive

constant satisfying |dy| < dy, x = v,d, q, which verifies that the inequality of Equation (32) holds by
the comparison principle in [25]. [

The proof of Theorem 2 is given as follows.

Proof. As can be seen in the proof of Theorem 1 in the Appendix A, the DOB dynamics can be
written as

de(t) = Lede (1), x = 0,d,q, ¥t > 0
which gives the steady-state relationship:

=0,V >0, x=0,d,q (A14)

where ((-))? refers to the steady-state value of (). On the other hand, the closed-loop error dynamics of
Equations (16), (27) and (28) with the target dynamics of Equation (11) yield the steady-state equations:

0 = (JR))? (A15)
0 = —Acl (A16)
0 = a)vC(ng,ref—(v;C)O) (A17)
where
3 (a%,)° W | 0 1 Ao O
= S ’ = — ,R:
) [ BT | -1 0 0 A

Because the matrix (J — R) is negative definite, that is,
X'J-R)x = x'Jx—x'Rx
= —xJTx—x"Rx
= —x"Rx <0, VX #0
Equation (A15) implies that
x=0
which, together with Equation (A17), concludes that

~x \0 0 0 0
(Uﬁc) =0= Vg = (U§c> = Udc,ref
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