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This paper studies a novel Proportional Resonant (PR) disturbance observer (PRobs) design for a 400Hz
frequency converter Ground Power Unit (GPU), a device that provides electrical power to aircrafts while they
are on the ground. The observer is proposed to estimate the output voltage and inductor current, as well as
the unmeasurable system disturbances resulting from system parameter variations and load changes. The
PR control algorithm, designed to achieve a high gain at resonant frequency, is employed to minimize the
estimation error between the estimated and actual states, thereby providing highly accurate estimated values
for voltage, current, and system disturbances. A single loop control strategy based on the observer’s estimated
output is implemented to regulate the inverter’s output voltage. The system demonstrates strong robustness
as disturbances can be estimated and cancelled out. Matlab simulations are initially conducted, followed by
real-time simulations using a hardware-in-the-loop (HIL) setup to validate the method’s effectiveness. Finally,
the design is verified through experimental testing.
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1. Introduction

GPU is the device which powers the airplane during the
maintaining process. The demand for the GPU has in-
creased rapidly recently due to the national regulations
required to minimize the airport’s air and noise pollution
(1.

The inverter hardware system utilizes the three single-
phase combined structure due to its benefits, especially
in handling unbalanced loads. To eliminate switching fre-
quency harmonics and isolate the fundamental voltage
component, a simple LC filter is chosen over more complex
filters. Additionally, the filter inductor is incorporated into
the isolated transformer leakage, reducing system weight
and magnetic core loss while enhancing power density.
Fig. 1 illustrates the proposed design of the three-single-

phase combined GPU.

Numerous control strategies for inverters have been ex-
plored in the literature [2-12]. Among them, traditional
cascade control schemes based on inner current loops have
been investigated [2-6]. These cascade control schemes
have demonstrated their capability in delivering high volt-
age performance, particularly in the context of 50Hz indus-
trial inverters. However, for high-power 400Hz inverters,
where the output frequency is higher, there are limitations.
The switching frequency is constrained for high-power
switches, often unable to exceed 20kHz. This limitation
results in a low ratio between the converter switching fre-
quency and the fundamental frequency, constraining the
control bandwidth. Consequently, adopting inner current
loop control without complex predictive algorithms or time
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Fig. 1. Three single-phase combined GPU structure

delay compensation techniques becomes challenging. To
circumvent the challenges associated with double-loop con-
trol, a single-loop control strategy emerges as a promising
solution, as discussed in numerous publications. The syn-
chronously rotating frame based single loop voltage control
scheme is first examined for GPU in [7].

The experimental results demonstrate that the proposed
control method can yield high-quality output voltage, even
under nonlinear load conditions. However, the complex
switching pattern poses constraints on practical design. In
[8], a single loop resonant control is proposed for GPU to
achieve zero steady-state error, and compensate the har-
monic distortion. However, this control scheme may not
provide as robust performance in handling disturbances
and changes in the system. In [9], the repetitive control
system based on Internal Model Principle has been used to
minimize and eliminate the periodic errors. The slow dy-
namics, the high order of the controller are the major prob-
lems of this technique. To further improve the dynamic of
closed-loop control system, the sliding mode control which
advantages in robustness against external disturbances,
and unpredictable parameter change has also been ana-
lyzed in [10-12]. Utilizing a time-varying sliding gain in
the sliding function can enhance the dynamic performance
of the control system [12]. Nevertheless, issues such as
high-power loss due to variable switching frequency and
chattering can still persist.

In the context of power converters, a disturbance ob-
server is a vital element in control systems for estimating
and compensating disturbances that can influence the sys-
tem’s performance. These observers are instrumental in
addressing disturbances arising from factors like manufac-
turing tolerances, component aging, and load variations in
power converters. To address these needs, various observer

designs have been explored for application in inverters.
More detail, [13-18] Luenberger and PI observers (Plobs)
are designed to estimate the control variables.

Especially, in [17], the discrete Plobs has been developed
to estimate the unknown disturbance, which enhances the
accuracy of the calculation of the current setpoint. Never-
theless, for the proposed integrated transformer-inductor
GPU structure, the inductance parameter is highly prone
to change. Consequently, classical Luenberger or Plobs
methods cannot ensure rapid convergence of the estima-
tion errors to zero. Sliding mode observers have also been
proposed for inverter systems in various publications [19-
21].

These observers utilize a nonlinear switching term to
incorporate the output estimation error, providing an at-
tractive option dealing with unknown signals, model un-
certainties, or nonlinear disturbances. Nonetheless, the
control gain cannot be selected excessively high due to the
practical constraint of the control surface deflection limit.
Additionally, controlling chattering which leads to exces-
sive control activity and can trigger high-frequency oscilla-
tions, is crucial in GPU practical applications. Reducing the
switching gain has been a technique proposed to mitigate
chattering [20]. However, this approach has resulted in
increased steady-state errors in estimation. Adaptive ob-
server can also provide the high accuracy estimated states
by online adjusting the parameter to deal with system un-
certainties and load changes [22]. But the slow estimation
error convergence has restricted the observer performance.

The motivation of this article is to introduce a novel
disturbance observer design specifically tailored for the
proposed three single-phase combined GPU. This observer
is intended to accurately estimate the output voltage, in-
ductor current, and especially, system unmeasurable dis-
turbances arising from variations in system parameters
and changes in load. An observer-based single-loop digital
control, focusing on preserving the inner inductor current
rather than the typical direct output voltage, is then im-
plemented for maintaining output voltage. In this control
strategy, a setpoint current command generation technique
is employed to achieve rapid tracking of the reference by
the output voltage. The contributions of the article are
summarized as follows.

1. A novel state and disturbance observer design based
on the PR control algorithm is suggested for the 400Hz
GPU, which aims to enhance the accuracy of state esti-
mation and system disturbances, that cannot be physi-
cally measured by sensors. The design process of the
PRobs is outlined in a detailed step-by-step manner
as follows: Firstly, the system state space model, with
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system disturbances included, is presented. The ob-
servability and controllability of the presented model,
which are important aspects of state-variable analy-
sis and design, are also demonstrated. Secondly, the
methodology for designing the observer based on the
PR control algorithm is analyzed. Finally, the conver-
gence of the observer’s state and disturbance estima-
tion error is analytically proven. This study has also
laid the fundamental for future work, where a higher
order harmonic PR compensator will be integrated to
compensate the harmonic disturbances induced by the
nonlinear load.

2. A fully single loop digital control scheme which is
based on PRobs is applied to manage the output
voltage across different load conditions. The control
scheme is aimed to compensate the estimated distur-
bances, maintain stable output voltage, consequently

enhancing overall system dynamic performance.

This paper is organized as follows. Section 2 shows
the system description. The PRobs is designed in Section
3. The control design with application of current setpoint
generation technique is presented in Section 4. Matlab,
real-time simulations and experiments in a variety of load
scenarios are implemented in Section 5 to verify the pro-
posed solution’s performance. Finally, the conclusions are
shown in Section 6.

2. System modeling

In the case of three single-phase combined topology, all the
coupled terms between phases are significantly small that
can be ignored, the continuous-time model of a three-phase
GPU in Figure 1 can be treated as three single-phase circuits
as shown in Fig. 2.

The state-space equations describing the operation of

the inverter in continuous time domain are as follows [17]:

(t) = Ax(t) + Bu(t) + d(t) .
y(t) = Cx(t) M

Where,

da(t)
Rc 1 _ ReRy )
_| ILr <C7_ Ly )
A= _1 _& ¢
Ly Ly

Fig. 2. Single phase inverter model

In Eq. (2), ir(t) and i, (t) are the inductor and the load
current, R¢, Rc, Ly, Cy are the parameters of the equivalent
LC filter, N is transformer ratio, dy (t), da () represent for
the modeling errors can arise due to the variability of all
parameters of the inverter during operation.

For control design purpose, a discrete time state-space
model derived from Eq. (1) is used in this paper:

Xir1 = PXp + Ty + fi 3
{ Vi = CXi ®

The corresponding state-space variables and matrices of
the discrete-time system Eq. (3) are:

Xk:Yk:[?o,k } (D:eAn:{(Pn 4>12]

ik $21 P»
r= /TS ATdTB=A"1(®—L)B = [ T } )
0 I';
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3. Pr observer design

This section is dedicated for presenting the design method-
ology of PR disturbance observer for GPU, with the model
is expressed in Eq. (3).

3.1. System observability and controllability evaluation

The determinant of observability matrix and controllability
matrix can be expressed:

|47
Cal =18 481 =~ #0 ©)
C 1
\oah|:] ':—7&0 ®)
CA | LgCs

It can be seen that C;; and O, are not singular, so, sys-
tem (3) is completely observable-controllable.
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3.2. PR observer design

According to Assumptions in [13], if the sampling period
Ts is sufficiently small, the disturbance f(¢) is smooth, it
can be derived as:

rank ([ (P:CIZ % ]) =4 (7)
And
{ ) im0 [fer1 — fkl =0 (8)
imy, 0 [fi41 — 2fk + fk-1l =0

Which can be the foundation for designing the observer
in the subsequent part.

The PRobs structure is depicted in Fig. 3 below. The s
domain transfer function of the observer is as follow:

fis) _ K
€(s) s2 4 w%

©)

By using Forward Euler, we get the discrete function of
observer:

e Ky (Zi )

o2/

() v (10)
_ KT, (z71 —2z72)
T 1-2z14 (14 T2w3)z2

which can be rewritten:

fe—2fca+ (14 T203) fioo = KiTs (ex 1 —ex2) (1)

If we define X; and fk as the estimation state and the
estimation disturbance, X and f, which means:

Yo=Y -1, (12)
fo=fi —

The state space Eq. (3) can be transformed to discrete
PRobs as follows:

Xip1 = @K+ Tug + Ly (Ve — Vi) + fe

fer1 =2 — (1 + Tszw%) feo1 + K Ts (Y — Yieoq)

Y, = CXy
(13)
3.3. PR observer convergence analysis
From Eq. (3) and Eq. (13) we have:
Xip1 = (@ = 11C) Xe + fi (14)

with f = fi — fr, we get:

Jerr = fen = fen
= (fer1 — fi) + <fk —fk> + (fk —ka)
= (fis1 = fi) + i — K
+ (1 + Tszwé) fie1 = Ko Ts (X — K1)
= —K Ts X + 2f

+ [fk+1 —2fk+ (1 + Tszw%) fe1+ KrTstq}

(15)

Finally, the state space estimation equation can be ob-

tained:
i = AR
fk+1 - 7L2C 212 fk
0
n R i 16
|:fk+1_2fk+(1+Tszw%)fk+1+L2Yk71 } (16)
= (M- LG) { X } +0(Ts)
fr
Where,
M= 2l T i e=[c 0]
0 2L |’ 1 b2 s

And O (Ts) means exponent of number of Ts .
With the Assumption 1 in Eq. (5) is satisfied, according
to [13], it can be derived from Eq. (16) as:

lim (X — X¢) = O(Ts)

k—o0
Jim (fk —fk> =0(Ty)

Which demonstrate that the estimation error can be con-

17)

verged to a small value O(T; ). The observer matrix gain
L, which decide the convergence time, can be determined
using pole placement method. Normally, L is designed so
that the eigenvalues of (M-LG) is close to the origin of the
unit circle to reduce the observer response time.

4. Design of output voltage control system

4.1. Current command generator

The state space model Eq. (3) can be rewritten:

Vo1 = P11 Vo + 1ol i + T + fix (18)

Injr1 = ¢nVor + ¢nlp g+ Tonug + for (19)

To keep the output voltage V;, ; follows a desired voltage
Vo*,k’
needed for the current loop [17], the process for generating

" .
I Lki11sas follow.

an appropriate reference inductor current I Z,k 1 is

First, the voltage tracking error E, \ is defined:
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Ev,k =€k — Aev,k—l (20)

where 0 < A < 1is a design parameter, and e,y is the
instantaneous voltage tracking error computed by:

ok = Vogik - Vo,k (21)

Base on Egs. (20) and (21), E, x can be expressed as:

Epkt1 = €yjt1 — /\ev,k
* *
= Vok+1 Vok+1— A <Vo,k - Vo,k)

From Egs. (18) and (19) and Eq. (22), E,x can be ex-
tended:

(22)

" 'y
Eopk1 = Vogp1 —AVox + (rTl(le —¢n+ A) Vok

I'y I'ny Iy
+ (T@Z - ¢1z) I+~ for = fike = ¢ Tk
21 21 21
(23)
To force ¢; 11, the one step-ahead current tracking er-
ror, the control signal u;, can be found as a solution of the
equation:

Cijr1 = I = I =0 (24)
Since f1x and f,, k are unknowns, these approxima-
tions are employed:

Fie = i
{ fox = foi @)

To make E, ;1 = 0 the reference current equation can
be expressed:

T Iy
Iy == (V% 1 —AVS - == I
Lkt1 = T ( 0k+1 o,k) + (<P22 Ty b12 | Ik
I ;o Iog
+ {‘Pn - (P — 7\)} Vo + fok — v Sk
I Iy
(26)
The analysis of the voltage tracking error dynamic is
similar to the aforementioned current control-loop. In de-
tails, substitutes Eq. (26) into Eq. (24), it results in

_In A 2 -
Epji1 = Ty (fz,k fz,k) <f1,k f l,k) =0(Ts) (27)
Then, substitute Eq. (27) into Eq. (20), it gives

ey k = /\kev,o
A1 (28)
A—1

k=1
+ Y NO(Ty) = Meyo + O (Ts)
i=0

in which, ey, is the initial tracking error. Since 0 < A <
1, it can be concluded that:

Fig. 3. Proposed PR observer-based control system scheme

. 1
klgf)‘o ey = O (Ts) 11 O (Ts) (29)

4.2. Controller design

Combine Eq. (19) and Eq. (24) fundamental equation for
control signal yields [17]:

1
W= (Iz,kﬂ — Vo —Pnlpr— f2,k> (30)

The control action for the current loop is then:

1

M= (IZ,kH — 1 Vor — Pl f — f2,k> (31)

The stability of the current-loop controller can easily be
evaluated through e; ;1 as following:

Ciks1 = If g1 — [021Vox + o2lp g + Toruig + foi]  (32)

It can be rewritten that:

Cikt1 = for — for = O (Ts) (33)

which indicates that when the poles of the observer are
accurately selected to ensure rapid convergence of fz,k to
fa the tracking error e; ;1 approaches O (Ts) after one
step.

5. Simulation and experiment results

5.1. System parameter

The design parameters of the inverter, and control system
are listed in Table 1.
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Table 1. The system parameters

Parameter

Value

Rated output voltage

170V

DC bus voltage

300V

Filter inductance

200mH

Inductance resistance

0.20

Filter capacitance

25uF

PWM frequency

18kHz

Sampling frequency

18kHz

Pole locations

0,05 0,1 0,15 0,023

Ly

1,7515  1,0679
—0,1335 1,7478

L,

0, 8304 0
0 0, 8550

Fig. 4. Output voltage and THD for the linear load
situation

5.2. Simulation

MATLAB Simulations The initial simulation focuses on
a resistive load scenario. As depicted in Fig. 4, the out-
put voltage swiftly stabilizes at the reference value within
approximately 0.002 seconds, exhibiting almost perfect reg-
ulation and indicating an almost negligible steadystate er-
ror. Additionally, the Total Harmonic Distortion (THD)
content is merely 0.21%. For the observer response, it is
demonstrated in Fig. 5a) an outstanding performance in
estimating the output voltage, with the error is restricted
at 1 V peak-to-peak.

Typically, the inductor current estimation error is higher
than that of voltage due to the characteristics of inductors,
as expressed in Fig. 5b), where the current estimation error
is higher at around 10V peak-to-peak, even including some
high notches corresponding to the current peaks. Due to
the magnetic field stored, rapid changes in current can in-
duce voltage spikes affecting the accurate estimation of the
current, increasing the estimation error. Normally, the per-
formance of the inductor current estimation is dependent
on the pole placement. The location of the poles in this
research are determined in an experience-based manner,
which are closed to the origin of the unit circle. To im-
prove, optimization techniques can be applied for further
research to find optimal pole locations improving system
performance.

Next, the performance of the control system under un-

Fig. 5. The estimated voltage and current, and the
estimated error in the linear load condition

derloaded conditions is evaluated, with the load set to 50%
and 70% between 0.01s to 0.02s and 0.03s to 0.04s, respec-
tively. Analysis of the results in Fig. 6a) reveals minimal
deviation in the output voltage waveform, with both mag-
nitude and phase of the steady-state error remaining small,
even during load variations. The current quickly returns to
its normal state after the load change.

In contrast, when comparing with the Plobs method, as
shown in Fig. 7a), there is an observable phase delay of 8°in
the output voltage with respect to the reference, adversely
affecting system performance. In the steady state, the volt-
age estimation error is nearly zero, and during transients,
it rises to just 1.8V, as depicted in Fig. 6b), demonstrating
significant improvement compared to the Plobs method
illustrated in Fig. 7b).

The dynamic response of the proposed control system
and the effectiveness of the PRobs compared to the tra-
ditional Plobs in handling nonlinear loads are further in-
vestigated. Additionally, single loop PR control strategy
is simulated for comparative purposes. Fig. 8a) displays
the output voltage and current waveforms with minimal
distortions. Despite the nonlinear load with the crest fac-
tor is 1.68, the output voltage THD remains low at 2.26%.
This performance surpasses that of the Plobs, with THD is
2.45% (Fig. 8b)), and of the single loop PR control strategy
case, where the THD is 3.34% (Fig. 8c)). This result high-
lights the superiority of PRobs over traditional Plobs [17]
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Fig. 6. The proposed system response under load change
conditions a) Voltage and current waveform, b) Voltage
estimation error, ¢) Current estimation error, d) Estimated
f1 and f2 disturbances

Fig. 7. The system response under load change conditions
with the Plobs a) Voltage and current waveform, b)
Voltage estimation error, ¢) Current estimation error, d)
Estimated f1 and f2 disturbances

Fig. 8. a) Proposed controller, b) Single loop PR controller,
¢) Plob instead

in mitigating the impact of AC disturbances, as described
in Eq. (26), even when only a fundamental PR controller is
employed. The performance of the PRobs estimation, and
consequently the control system, is anticipated to see fur-
ther significant enhancements in handling nonlinear loads
in future work, with the incorporation of higher-order har-
monic controllers.

In the final assessment, the robustness of the proposed
control system is showcased under conditions of system
parameter variations and nonlinear load, maintaining a
crest factor of 1.68 as in the previous scenario. A simula-
tion scenario is constructed where both the filter capacitor
and filter inductor are increased by 20%. The simulation
results in Fig. 9a) illustrate that the novel control approach
continues to deliver a high-quality output voltage, with a
THD of just 2.17%. Conversely, when the PRobs is replaced
by Plobs, as shown in Fig. 9b), the output voltage exhibits
lower quality with phase delay, resulting in a higher THD
of 2.35%. Additionally, Fig. 9¢) displays the result of the
single loop PR control case, indicating more pronounced
distortions in the output voltage waveform, particularly
in the zero-crossing region, with a relatively high THD of
3.23%. These findings underscore the effectiveness of the
proposed control strategy based on the PRobs. Particularly
noteworthy is its performance under conditions of system
parameter changes, where the disturbance f1 affects the sys-
tem. The PR algorithm, whose gain is finite at fundamental
frequency 400Hz, successfully eliminates steady-state es-
timation errors and provides highly accurate estimations
of voltage, current, and disturbance. Consequently, the
response of the control system is significantly enhanced
compared to Plobs or single loop PR control approaches.

The estimated disturbances f1 and f2 are observable,
as depicted in Fig. 10. As can be described in state space
Eq. (3), f1 and {2 are mappings of disturbances d1 and d2
in the discrete domain, fundamentally representing the de-
viation in the derivative of state variables, specifically, the
inductor current and the output voltage across the capaci-



522 Son Tran Que et al.

Fig. 9. The output voltage and THD under system
parameter change condition a) Proposed controller, b)
Single loop PR controller, c) Plob instead

Fig. 10. The estimated disturbances under parameter
change condition

tor.

HIL Simulations The GPU system under consideration
is tested using a real-time system by implementing it on the
Hardware-in-Loop (HIL) device. The actual HIL simulation
setup can be seen in Fig. 11.

The control system is initially assessed using a linear
load. The output waveform is regulated to the reference
value with minimal deviation, resulting in a THD of only
1.18%, as shown in Fig. 12. The accurate estimation of the
output voltage and inductor current depicted in Figure 13
showcases the effectiveness of the PRobs.

The proposed control system is then investigated under
load change conditions, where the load shifts from being
underloaded by 50% in 0.01 seconds to fully loaded in
another 0.01 seconds. Figures 14 and 15 display the swift
recovery of the output voltage and inductor current during
this load transition. Despite the significant load change,
the output voltage THD remains at an acceptable level of
3.89%.

Finally, the system performance under nonlinear load
has been checked. The advantages of the PRobs especially
in the case of harmonic distortion caused by nonlinear load
are verified by contrasting to the case of Plobs.

As depicted in Fig. 16, the output voltage quality has de-
creased due to the influence of nonlinear load, resulting in

Fig. 11. HIL real time simulation system

Fig. 12. Output voltage and THD with linear load

Fig. 13. Estimated voltage and current under linear load
condition

Fig. 14. Output voltage under load change condition



Journal of Applied Science and Engineering, Vol. 28, No 3, Page 515-525 523

Fig. 15. Estimated voltage and current under load change
condition

Fig. 16. Output voltage under nonlinear load condition a)
PRobs b) Plobs

an increase in the Total Harmonic Distortion (THD) content
from 1.18% under linear load conditions to 1.75%. How-
ever, this value remains lower than when Plobs is applied,
indicating the superior response of the proposed PRobs in
nonlinear load operations.

5.3. Experimental Setups

To validate the proposed sliding mode observer-based con-
trol scheme, a DSP-controlled PWM inverter was imple-
mented. The main processor of the digital control system
was a Texas Instruments Inc. microprocessor, specifically
the TMS320F28035. Four IGBTs with the model number
FGH60N60 were chosen as the power switches.

The initial experiment is conducted under no-load con-
ditions. It is observed that the output waveform closely
resembles a perfect sinusoid. The error in both the fre-
quency and magnitude of the output voltage is negligible.
The THD content, depicted in Fig. 18, is only 2.13

Fig. 19 presents the experimental result of the output
voltage under a resistive load transitioning from no load
to full load. The voltage drop occurring at the moment of
load variation is quickly recovered by the designed digi-
tal controller within 0.025s. Moreover, the THD remains
consistently at 1.17%, showcasing the effectiveness of the
proposed control method.

Fig. 17. Experiment system

Fig. 18. No load condition output voltage and THD

Fig. 19. No load to full resistive load switching condition
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Fig. 20. Overload 150% output voltage and THD content

Fig. 21. Output voltage and THD under nonlinear load
condition

The control system dynamics are further examined un-
der overload conditions. Fig. 20 illustrates the output volt-
age under a resistive load transitioning from no load to
150% overload. It is evident from the experimental results
that the output voltage swiftly returns to a stable value
within just 0.025 seconds. Additionally, the THD content
remains low, at just 1.2%.

Finally, the experimental waveform under a rectifier
load with a current crest factor of 3.4 is performed. THD
content of the output voltage was measured at 2.38% as
shown in Fig. 21. Despite the connection of a highly non-
linear load, the sinusoidal output waveform could still be
preserved, highlighting the significant contribution of the
proposed PRobs and the control system design.

6. Conclusions

This paper presents a novel design of a Proportional Reso-
nant observer (PRobs) for 400Hz GPU, aimed at estimating
states, particularly output voltage and inductor current,
while addressing disturbances stemming from system pa-
rameter tolerances, variations, and load changes. Theo-
retical analysis of the PRobs has been carried out which
illustrates its capability to provide robust estimation re-
sponses in handling AC disturbances. Additionally, an
PRobs-based single-loop digital control strategy for the
inverter system is applied to regulate the output voltage
under various load conditions. Both MATLAB simulations
and Hardware-in-the-Loop (HIL) simulations, along with
experimental results, demonstrate the effectiveness of the
proposed PRobs, consequently, the overall control system.
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