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Sampling Time Ratio
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Abstract—Recently, Active Disturbance Rejection Control
(ADRC) Scheme has been widely used for current regulation in
AC drive systems owing to its robustness to system uncertainties
and its high disturbance-rejection capability. However, it has not
been considered as an option for high-speed drives usually
operated at limited switching and sampling frequencies.
Therefore, this paper thoroughly analyses and discusses the effects
of high operating speed, modulation, and computational delays on
the conventional ADRC. Based on this analysis, an enhanced
ADRC for the current control is proposed to operate the drive
system at low sampling time ratio with high robustness to the
internal and external disturbances. Effect of model uncertainties
on the proposed scheme has also been analytically analyzed and
reported. Comprehensive simulation and experimental results
have been presented to demonstrate the improved performance of
the proposed ADRC scheme and to support the analytical studies.

Index Terms—Active disturbance rejection control, current
controller, permanent Magnet Synchronous Machine, Smith
predictor.

I. INTRODUCTION

IGH-speed and  high-power permanent  magnet

synchronous machines (PMSMs) have seen a rapid
growth of use in last few decades due to their high-power
density and reliability. They have been adopted in many
considerable applications such as starter/generator, actuation
systems and electric vehicles [1]. For these applications, both
dynamic and steady state performances provided by the control
are crucial [2, 3]. This can be a challenge, as operating the
machine at high speeds may lead to unstable operation owing
to a relatively low sampling to fundamental frequency ratio
(low sampling time ratio (LST)) [4, 5]. Operating the machines
at high speeds with limited switching and sampling frequencies
affects the performance of the machine control loop as fewer
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measurement points are available for reliable current tracking.
As such, there is considerable research effort being made
recently, to improve the current control dynamics of PMSMs at
LST ratio which are normally lower than 15 [4, 6]. These
improvements are basically to provide proper compensation for
the cross-coupling terms which would degrade the system
stability at LST ratio and limit the system bandwidth at high
operating speed [7].

The most popular current controller scheme that has plenty
of development in this field is the synchronous reference frame
(SRF) proportional integral (PI) current controller (CC). The
enhancement of this controller’s performance is done by
introducing the cross-coupling components as feedforward
terms to achieve a decoupling effect to enhance its dynamic
performance [8, 9]. The complex vector structure of SRF PI CC
has been proposed to provide better cross coupling
compensation and less dependency on the machine parameters
[10]. Moreover, direct design of complex SRF PI CC in discrete
time domain has been addressed in [4, 7] to avoid the
degradation of system performance due to digitalization of the
continuous domain Pl current controllers. However, the
complex Pl CC structure has low disturbance rejection
capability and additional damping element is required [11]
which leads to excessive noise and current ripple in current-
controlled inverter applications [12]. On the other hand, optimal
tuning of the PI gains depends heavily on accurate knowledge
of machine parameters. Any errors or uncertainties in these can
affect the drive performance. Machine parameters may also
significantly vary during the operation from effects such as
temperature variation, saturation, cross saturation, and
operating frequencies [13, 14]. It is therefore clear that all these
internal disturbances in addition to the external disturbances
can lead to performance degradations of a PMSM drive.

At present, several methods on parameter estimation and
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disturbance rejection are reported. State observers (SO) and
disturbance observers (DOB) have a long history of being used
to overcome the effects of external disturbances [15-17]. These
observers have been identified as the most effective way to
estimate the disturbance that lump together model uncertainties
and external disturbances. The SO can be extended not only to
estimate the external disturbance but also to estimate the
internal disturbances which cover the unknown parameters.
This “extended state observer” (ESO) proposed in [18] is
combined with the active disturbance rejection control (ADRC)
concept which has been used in industry as an alternative
scheme for the classical PI controller [19, 20].

The superior performance of the ADRC scheme for AC drive
current control has been proven in [21]. This is due to simplicity
in implementation and higher disturbance rejection capability
compare to other control techniques [22]. The design criterion
of the ADRC as a current controller has been addressed in [23]
but effects of operating speeds which degrade the system
stability during the operation has not been discussed. Moreover,
in the literature, this scheme has not yet been considered as an
option for high-speed machines usually operated at LST ratio.
Therefore, the paper firstly analyses and evaluates effects of
higher operating speeds with limited sampling points of a
PMSM drive system, modulation and digital computational
delay on current control system stability and dynamics when
the conventional ADRC is used. This is considered a novel
analysis that shows the lack of ADRC scheme as a CC and
evaluate its limitation to provide higher operating speeds at
fixed switching frequency which might be limited in some
industrial applications due to the cost and efficiency reasons.
Then, an enhanced ADRC scheme is proposed based on Smith
predictor (SP) which has been introduced in the literature [24,
25] to mitigate time delay effects on the control system
dynamics. It has been implemented in this paper with the
conventional ADRC based current controller to improve the
system’s robustness to the internal and external disturbances at
LST ratio operation. The scheme performance has been
analyzed and compared against the conventional one. Effects of
model uncertainties have also been analyzed and reported.
Comprehensive simulation and experimental testing are
reported to validate performance of the proposed active
disturbance rejection current controller (ADRCC) scheme and
to support the analytical studies of this research.

Il. CONVENTIONAL ADRC SCHEME BASED CURRENT
CONTROLLER

The PMSM electrical model can be represented by two
voltage equations depicted in dg synchronous reference frame
as follows [20], where iqq, Va4, Laganddqgq, correspond to d,q
axis stator current , voltages , inductances, and external
disturbances, respectively. rs is stator resistance, and wr is
electrical angular velocity. ¢m is flux linkage of PMSM:

Lq . 1 1
—dlq—add +aud (1)

Lq . 1 1 1
—w, g ——w ——ds+—u
qu d Lq r¢m Lq q Lq q

Considering the current control based on ADRC [10],
equation (1) can be re-written as (2), where fq and fq represent
the generalized disturbance in d and q axes respectively that
lump the external disturbances and process dynamics.

dig

. 1
2 = Ja(tiaig da,@r) + g
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As follows from (2), description of the voltage equations in
both d and q axes based on ADRC principle is similar.
Therefore, the CC structure based on ADRC is symmetrical in
d and q axes. Since the generalized disturbances f in d- or g-
axis are unavailable in practice, an ESO can be built for their
estimation in real time under assumption that f is differentiable
with respect to t and its differential is bounded. The ESO-based
feedback control is then used to compensate the generalized
disturbance. The block diagram of the current control loop
based on ADRC principle in g-axis is shown in Fig. 1. It is seen
that the original system (machine model) can be considered as
one integrator with the generalized disturbance fyacting on its
input. Both ESO and state feedback controller as components
of the CC based on ADRC scheme, are discussed below
considering the current control loop in the g-axis.

A. Extended state observer design
The ESO of g-axis current controller is designed based on the
second order state space model given by (3), which is derived
from (1) where uo(t) = ug(t), bo =1/Lq and representing the g-
axis by 2 states xq(t)=[x1(t) x2(t)]". xu(t) is machine current
component in the g-axis and X»(t) is the generalized disturbance

fq. Note that [.]7 is denoted as the matrix transpose.
{péq(t) = Ay x,(t) + By u,(t) + E, f(©) @)

y @® = Cq Xq ®)

0 1 b,

where A, =
0

0
aePl el o

0 O

The corresponding ESO can be designed as given by (4),
where the value of b, has been replaced by b, =1/L,, L is the
inductance value used in controller design which might be
different than the actual machine inductance, l; and I, are
observer gains, zq is the estimated states for xq, zg(t)=[za(t)
()] "and Le=[lh 1] T.

Current Controller
based ADRC

System Model

Fig. 1 Current control loop in g-axis based on the conventional ADRCC scheme
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{Z'q(t) = [Aq — LcCyl 24(0) + B, uo(t) + L v, (8) @
¥ (@©) =Cqzy(0)

The target of any observer is to achieve fast and accurate
convergence between estimated and actual states. Hence, the
observer gains are determined based on the desirable dynamics
of estimation error (5) which can be derived using (3) and (4)
as shown by (6).

ée= x -z (5)

Ll e

To tune the observer gains, the pole placement method can
be used [26]. This sets the location of the observer poles (Seso1
and Seso2) as shown by (7):

= |SI— A| = (s = Sgsp1)(s — Sgso1) =s2+ s+ 1, (7)

Typically, in a Linear ADRC (LADRC), ESO poles are set to
be equal based on the popular bandwidth parametrization
method [22]. Consequently, observer gains can then be chosen
as shown in (8), where w, represents the observer bandwidth.

{ll =2 wzo @®)

lz=wo

B. State feedback controller

The feedback controller can be designed based on system
output and estimated variable (estimated generalized
disturbance) from ESO using the control law as expressed by
(9) [22], where K, is controller gain, r represents system input
which is consider in our case is the reference value of g-axis
current and u is the control signal generated from the feedback
controller [27].

u(t) = Kp(r(t) — y(t)) 9)

From Fig. 1, equation (9) can be expressed as (10),
considering ability of the disturbance rejection, where u, is CC
output.

o (6) = 5 (Ko (r(0) = y(0)) = fy) (10)

It can be observed from CC structure based on ADRC that
the cross-coupling terms are considered as a part of the
generalized disturbance which should be estimated by ESO.
Accordingly, the estimated disturbance is responsible for the
cross-coupling compensation. On the other hand, it is well
known that the imperfect cross-coupling compensation affects
system dynamics when the operating speed increases and might
lead to instability as the sampling time ratio reduces [28].

—>

Fig.2 Complex vector representation of the current control loop based on
conventional ADRCC scheme using the simplified ESO model

Therefore, sensitivity of the current control system based on
conventional ADRC scheme to the operational frequency has
been analyzed in the following section.

I1l. OPERATIONAL FREQUENCY EFFECTS ON THE
CONVENTIONAL ADRCC STABILITY

Current control loop has been modeled and analyzed in this
section considering the ESO dynamics, cross coupling terms,
computational and modulation delays. The system model has
been derived based on the block diagram shown in Fig. 2. It
represents the current control loop based on ADRC scheme for
analysis in this section.

In Fig. 2, machine model Gy(s) has been represented by
complex vector representation method (11) which has been
derived from (1) based on the complex vector notation [29, 30],
where L refers to machine inductance in d- or g-axis.

_igg(®) 1
Gp(S) - usq(s) -

Accordingly, the loop can be analyzed as a single input
single output system considering effects of the cross coupling
terms ,which are represented by jw:L in the transfer function,
which is considered one of the advantages of complex vector
representation method [10]. The ESO model has been
represented by two separate blocks based on (12) which can be
derived from the representation of (4) in s-domain as follows:

L s+7rs+jwyL (11)

Z1(s) G Gi2][Uo(s)
= (12)
Z,(s) Ga1 G2 1LY (s)
_ bjs — sty
where Gy, = s2+lstly Gip = s2+1y5+1;
G _ —b[,lz _ lys
21 — S2+l s+l 22— s2+115+l,

The delay in controller (discrete-time implementation using
DSP) and inverter is represented by Gq(s). It is modelled in dg
synchronous reference frame as shown by (13), where Ty is the
time delay and it is assumed to be 1.5 the sampling time period
[2].

Gy(s) = e sTa g=jorTa (13)
To mitigate the delay effect on system performance,
advanced angle delay Gaqy is taken in consideration which is
modelled by (14) [8]. Consequently, resultant system delay in
Fig. 2 can be represented in stationary reference frame by (15)
which can be approximated with good accuracy by second order
pade expansion [2]. The input signal d in Fig. 2 refers to the
external disturbances.

Gaav = e/@eld (14)
Tqg . T4 2
1-LG5+-4Ls
Gam(s) = e~ STd = —2 12 (15)

T T
1+ -2 54 L2
2 12

Based on Fig. 2, open and closed loop transfer functions of
current control system based on ADRC scheme can be derived
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Fig. 3 Stability map for the current controller gains at fy,=1 kHz

as shown in (16) and (17) respectively, where coefficients of
(17) are shown in Appendix.

Gy GpGam
Gois ) = Ky e (16)
2 1 1 2
G, u(s) = (5 +l;5+ 2)(3’25 +Y15+YO) (17)

tsSS+t,st+t3s3+t,52+t s+t

Based on the characteristics equation of (17), operating
frequency’s effect on current control system stability can be
studied. The study in this paper assumes controlling PMSM
with parameters given in Table | where switching frequency has
been set at 1kHz to simulate the LST ratio [4].

Observer and feedback controller gains for this analysis are
tuned using the stability map shown in Fig. 3 proposed in [23].
The parameter m in the map is the ratio between observer
bandwidth w, to feedback controller gain K. The stability map
provides a stable range of the controller gains to avoid improper
tuning that might lead to low stability margins or even
instability. Accordingly, controller gains correspond to point A
have been selected (K, =251.324, m= 2) which located beyond
the performance contour to guarantee a responsible dynamic
performance for the current control system.

Sensitivity of the current control system to the operating
frequency has been studied from the analysis of eigenvalues
migration and their stability range (SR) map shown in Fig. 4.
SR map shows change of the real part of each pole with the
operating frequency that refers to stability margins of the
current control loop [31]. It can be observed that all closed-loop
poles migrate as the frequency increases where a particular
interest is given to the closed loop poles p, and ps. They migrate
towards the imaginary axis of the s-plane which refers to a
reduction of system stability margins. These migration of

TABLE I: ELECTRIC DRIVE SYSTEM PARAMETERS

Parameter SymBOL Value
Phase Resistance rs 1.1Q
Phase Inductance Lg=Ls=L | 7.145mH

Poles pairs p 4

Magnet flux linkage Dn 0.0228 wb
Rated Power Prated 0.75 kw
Switching Fregeuncy fow 1kHz
Sampling Fregeuncy fs 1kHz
Rated speed Nimax 2000 rpm
Rated Current rated 4.6 Amp
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Fig. 4 Migration of the eigenvalues with the operating frequency (fe: 0> 100
Hz) at fu=1 kHz, m=2, Kp=251.324

eigenvalues shows the lack of the ESO to perfectly compensate
the cross-coupling components. As a result, running the
machine at higher speeds (at fixed switching frequency)
deteriorates system dynamics and leads to instability at certain
sampling time ratio. From the (SR) map, it can be observed that
the trajectory of p3 hits the stability limit at about 0.075 as a
ratio between the fundamental to the switching frequency.
Accordingly, system tends to be unstable at about 14 as a ratio
between switching frequency and fundamental frequency.
Moreover, this analysis also indicates that the disturbance
rejection capability of the ADRC decreases at higher operating
speeds due to the lower stability margins. This deterioration of
CC’s dynamics can be explained by the two following reasons:
1- Estimation Problem: The existence of system delay in the
current control system affects ESO performance.
Accordingly, it cannot provide accurate estimation for total
disturbance. This delay causes misalignment in the time
between input and output of the ESO which is clarified by Fig.
5 and explained mathematically from ESO model in (18) [24].
Thus, the ESO is unable to estimate the generalized

disturbance accurately
—Ta) — ig(t)
g + [ ! )‘ (18)

dlq
\ -, T - i,®)

2- Rejection Problem: the cancellation of internal system

disturbances by using the ESO cannot be achieved perfectly

due to existence of the system delays. This effect enlarges

with the operating frequency assuming fixed switching

frequency.

To mitigate the aforementioned effects by improving cross-
coupling compensation and disturbance rejection capability at

,—\

Delay + Plant

U0, [ =o5] g9

Fig. 5 Delay effect on the ESO inputs
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Fig. 6 Block diagram of the current control system based on the proposed ADRCC scheme represented by the complex vector notation

high operating speeds, an enhanced ADRC scheme is proposed
in the next Section.

IV. ENHANCED ADRC- BASED CURRENT CONTROLLER

The enhanced ADRCC scheme is based on SP which can
generate prediction current components [24, 25]. These
components have been used for two upgrades. First, to enhance
ESO dynamics and to provide better estimation for
disturbances. So, misalignment between two inputs of the
observer due to system delays are removed. Secondly, to
generate prediction decoupling current components to enhance
the cross-coupling compensation. Subsequently, effects of
operating frequency and time delay on the system stability can
be reduced. The enhanced ADRCC scheme for current control
is shown in Fig. 6. These improvements are discussed and
analyzed below.

A. Sensitivity to the Operational Frequency

In the enhanced ADRCC scheme given by Fig. 6, SP
generates prediction of current components based on the
knowledge of system delay Ggm(s) and plant model Gn(s) that is
assumed to match actual plant (machine) model Gy(s).
Accordingly, output of system model in SP iy (t-Tq) cancels
output of actual plant igq (t-Tq). Finally, the output of SP to ESO
is igq (t) which can be expressed by (19) as a one-step prediction
of system output currents.

idq(t_Td)

- lgg(®) =" (19)

Accordingly, the block diagram given by Fig. 6 can be
simplified in to the one shown in Fig. 7 considering simplified
ESO model discussed in Section I11. Hence, closed loop transfer
function can be derived analytically from Fig. 7 as follows,
where coefficients of (22) are shown in the Appendix.

Fig. 7 Complex vector representation of the simplified current control system
based on the proposed ADRCC scheme

1000 + LS

'®

-1500 - C'onventional ADRC Scheme
-3000 -2000 -1000 0
Real Part
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N
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-1000 - r 4

Fig.8 Eigenvalues migration with the conventional (blue) and the proposed
(red) ADRCC scheme at m=2, Kp=251.324, f. (0> 100 Hz)

Gam

G209) = GG s ntjoni-1)) (20)
G2Gam

0l2 (S) p Gam+G2Gy (21)
_ X,(5)

Gerz(s) = quref T CsS5+cystHeas340,524015+C (22)

The coefficients of characteristic’s equation show that there
is no dependency on the operating frequency, assuming the
errors in machine parameters are neglected. Consequently,
system robustness to the operating frequency increases due to
complete compensation of the cross-coupling components. As
mentioned, the model errors are neglected so that, the
robustness issues must be considered. These aspects are
analyzed in Section IV.C and verified during experiments.

Based on (22), system eigenvalues are evaluated at different
operating frequencies as shown in Fig. 8. One can conclude that
the proposed ADRCC scheme enhances system stability and
provides high robustness to operating frequency. This refers to
its ability to drive the machine at lower sampling time ratio with
better stability margins compared to conventional ADRCC
scheme.

B. Disturbance Rejection Analysis

In this Section, disturbance rejection capability of the
proposed scheme is analyzed and compared to the conventional
ADRCC. The capability to suppress the disturbance is
characterized by output admittance of the current controller
[12] ,Y(S)= idq(S)/d(s), where i refers to current error due to the
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Fig. 9 Step responcse of the Disturbance rejection transfer functions for the
convention and proposed ADRCC schemes at different controller settings

disturbances while d refers to the external disturbance. It is
desirable to obtain values of the output admittance as low as
possible.

The transfer function between external disturbance d as an
input and the output current has been derived from current
control loop considering the proposed scheme shown in Fig.7
as follows:

l
Gar(s) = % o
lgq=0
G (5)Gam (S) (23)
Gam(8)+KpG1(S)Gm(S)Gam(s)+G22(s)G1(S)Gm(s)
_ de(s) = ;
where Gy, (s) = Ustrgr Gi(s) = bo+Gz1(S)

To analyze the improved disturbance rejection capability
using proposed ADRCC compared to conventional scheme,
disturbance rejection transfer function of the conventional
ADRC-based current control loop shown in Fig. 2 is derived as
follows:

— ld_q — Gm(s)
Gaz(s) =7 (=0 1+K,61()Gm(9)+G22(5)G 1 ()Gm(S)

(24)

Considering the machine parameters in Table I, step response
of (23) and (24) has been determined at different controller
setting as shown in Fig. 9. It clearly shows that the proposed
scheme enhances system stability and provides better
disturbance rejection capability to the external disturbances. It
can also be noticed that the proposed scheme can enlarge the
performance contour in the stability map to cover higher values
of controller gains.

Accordingly, high dynamic performance can be achieved at
high operating speeds which is considered one of the main
challenges for practical design of data-driven fault diagnose and
detection schemes [3]. Therefore, it can be stated that the
proposed scheme has a potential to be implemented in high-
speed applications associated with the fault detections schemes
to improve the overall system performance.

C. Robustness to Model uncertainties

The machine parameters can change during the operation due
to temperature and saturation effects. Moreover, the parameters
used for controller design typically are not very accurate. These

uncertainties affect system performance, including its stability
conditions. Thus, these effects on controller performance have
been studied in this section through the analysis of system’s
eigenvalues migration.

For the changes in machine resistance, migration of current
control system eigenvalues is shown in Fig. 10. It is assumed
that machine resistance changes from 2 to 0.5 pu. Fig. 10 shows
that the eigenvalues do not move significantly which meant that
the change of machine resistance has minor effect on enhanced
ADRCC scheme performance.

For the inductance changes, as it can be observed from Fig.11
that p2, p4 and p5, for all inductance’s sets, are located on real
axis having unity damping ratio. Their movement have
insignificant impact on CC performance compared to effect of
pl and p3. At lower machine inductance than its nominal value,
pl and p3 moves toward the imaginary axis which refers to
lower damping ratio and stability margins. This refers to a
degradation of system stability when the machine inductance
decreases. On the other hand, higher machine inductance than
the nominal value contributes to p1 and p3 moving towards the
real axis away from the imaginary axis which refers to
improving system stability and its dynamics.

It can be concluded that the resistance change has
insignificant impact on system dynamics compared to the
inductance variation. Moreover, the reduction of machine
inductance (which happened due to saturation effects)

Change r5 : 2 to 0.5 pu

1000 t .
= |
< 500 | . % Y

p |
. 2 -
§ O [ @B Pz, —— &
E 500 A i
£ i
-1000 | P
-3000 -2000 -1000 0
Real Part

Fig. 10 Migration of the eigenvalues of CC system at different values of
machine’s resistance

Change L : 1.3 to 0.7 pu

1000 +
E %Pl
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S O 980U MIOe 98-
RS % p4
=2 %
S -500 ®
S % 13
~ % D
-1000 -
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Fig. 11 Migration of the eigenvalues of CC system at different values of
machine’s inductance
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Fig. 12 Block diagram of the proposed ADRCC for digital implementation

deteriorates the system dynamics which can be improved by
setting the inductance value used in the controller at lower
values (around 0.8 pu for better system robustness to inductance
variation).

The digital implementation of the proposed control scheme
has been discussed and verified by both time-domain
simulations and experiments, as reported in next Sections.

V. DIGITAL IMPLEMENTATION OF THE PROPOSED ADRC
SCHEME

The ESO has been implemented as a current discrete
estimator which provides better system stability at low
sampling time ratio rather than the predictive discrete estimator
as discussed in [32, 33]. Accordingly, ESO mathematical model
as a current discrete estimator is shown by (25) which can be
derived from (4) using zero order hold approach that maintains
same stability properties in both s- and z-domain [32, 34],where
Ts is the sampling time period. Its block diagram for digital
implementation can be shown in Fig. 12.

{Zq (k+1)=A424(k) + Bgu,(k) + AgLgc yq (k) (25)
T (k) = Cq 2 ()

1 T,
where A, = e4als = ,By =

; 0 1

1— 2

— — p~WoTs
’ hl—ﬁYﬂJ'ﬂ )

by T
[ 0 ]’Cd:c"

As discussed in section 111, resultant delay model of current
control loop is represented in stationary reference frame by
(15). Consequently, SP has been digitally implemented in
stationary reference frame as shown in Fig. 12. The discrete
model of AC machine in SP is represented in stationary
reference frame as follows [4]:

Isd(z) _ 1—e_L_$TS
Voa@ ;

Gy°(2) = - (25)
ri(z—e L)

As seen from Fig. 12 that the digital implementation of
enhanced current controller does not have much difference and
complexity than conventional scheme. Only SP and cross-
coupling terms are used which are simply added to conventional
ADRC scheme during digital implementation. Moreover, no
extra gains are required for this upgrade.

qu(Z) wels
e o
. qu(Z)
= T |dq(Z)
| Smith Predictor [«——
N I el _
_ " | lag®
qu(Z)__> dq aﬂ _>+ .
A Gp(2) dq} 5, —>
[ 5 i SP
; lgq(@)
Oe
VI. SIMULATION RESULTS

Simulations have been carried out using MATLAB/Simulink
in order to test both conventional and proposed ADRCC
schemes performance. The CCs have been tested by applying
field-oriented control on PMSM drive system (parameters are
given in Table I). The CCs are simulated by discrete time blocks
as discussed in Section V and the inverter is simulated by its
switching model. One step time delay is considered when
reference voltage is applied from controller to machine.
Sampling frequency has been set equal to switching frequency
1kHz to simulate LST operation.

The gains of observer and feedback controller have been set
at same values for both CC schemes (according to Point A in
the stability map shown by Fig. 3). In simulation results shown
in Fig. 13, the machine reference speed increases gradually
from 500 rpm to 1500 rpm (fsw/fe = 30 to 10) at constant load
torque. As shown, conventional ADRC scheme loses the
stability at around 1100 rpm (fsw/fe = 13.6) whereas the proposed
scheme is able to deliver higher operating speeds by keeping
the drive system in stable operation. These results validate the
robustness improvement of proposed ADRC to the operational
frequency compared to conventional scheme and verify the
analytical study in Section Ill and IV. Hence, the proposed
controller is able to drive the machine at much lower sampling
time ratio with higher stability margins.
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(a) Conventional ADRCC scheme (b) Proposed ADRCC scheme

Fig. 13 Simulation Results at f,,=1 kHz and speed reference changes from 500
to 1500 rpm , K, =251.32 , m=2
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Fig. 14 Expermintal test rig

VII. EXPERIMENTAL RESULTS

In order to test conventional and proposed ADRCC schemes
at LST ratio, experimental results were carried out using the test
rig shown in Fig. 14. The parameters of drive system are same
as the simulation. The test rig consists of PMSM with
parameters shown in Table | linked to a dynamometer to set a
required mechanical loading, and dSPACE MicroLabBox
operating as a controller to output the desired PWM signals to
the converter.

A. Experimental results at low sampling time ratio

Similar to case study in simulation, the machine reference
speed increases gradually from 500 rpm at constant load torque
using same controller gains (set to Point A at Fig.3). The
experimental results are shown in Fig. 15. The results show the
ability of proposed ADRC scheme to deliver higher operating
speed compared to conventional ADRC at same switching
frequency which validates the derived analytical and simulation
results.

It should be mentioned that higher feedback controller gains
reduce system stability margins when conventional ADRC is
used as explained from Fig. 16. It shows the frequency response
of open loop transfer function (16) given in Section III.
Accordingly, lower feedback controller gains extend the ability
of conventional ADRC as a CC to deliver higher operating

8 10 12 6 8 10 12

Time (sec) Time (sec)

(a) Conventional ADRCC scheme (b) Proposed ADRCC scheme

Fig. 15 Expermintal Results at fs,=1 kHz and speed reference changes from
500 to 1500 rpm, K,=251.32 , m=2
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Fig. 16 Fregeuncy responcse of Equation (16) at two different settings (Point
A and Point B)

speeds. Therefore, experiments have been repeated for new
gains (set to Point B at Fig.3) where the reference speed
increases gradually from 1250 rpm to 1750 rpm (fsw/fe = 12 to
8.5) as shown in Fig. 17. The results show that the ability of
conventional ADRCC to provide lower sampling time ratio is
extended as expected from the analytical results. However, it
still has a limited operating speed compared to proposed
scheme. Moreover, it can be noticed that current waveforms
have higher oscillations with conventional ADRC which
indicates to lower power quality and stability margins
compared to proposed one as seen from Fig.18. It shows the
harmonic spectrum analysis for i current components shown in
Fig. 17 at 1250 rpm. The results in Fig. 18 show that enhanced
ADRCC scheme provides lower current ripple compared to
conventional scheme at low switching frequency. Besides,
lower feedback controller refers to lower bandwidth which
decreases speed of the response.

Load tracking of the proposed ADRCC scheme at LST ratio
has also been tested experimentally as reported in Fig. 19. The
test has been done by applying different step loads during the
operation at 1500 rpm (fsw/fe = 10). The results show that the
proposed scheme can provide fast and stable tracking for loads
even at low ratio between sampling to operating frequency
which verify the outcome of analytical results in Section 111 and
IV-A.
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(a)Conventional ADRCC scheme (b) Proposed ADRCC scheme

Fig. 17 Expermintal Results at fy,=1 kHz and speed reference changes from
1250 to 1750 rpm , Ky=220 , m=2.3
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Fig. 18 Harmonic contents of iq current at f./fe=12 for conventional and
advanced ADRCC schemes
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Fig. 19 Experimental Results for step loading at fa/fe=10, K;=251.32, m=2
for the proposed ADRCC

B. Disturbance Rejection capability

The disturbance rejection capability has been tested at 1000
rpm for conventional and proposed ADRCC schemes as shown
in Fig. 20. The disturbance is implemented as a step input
voltage = 7 v added to reference voltage of the g-axis. The
results in Fig. 20 show the ability of proposed CC scheme to
provide better rejection for disturbances which verify the
analytical study of output admittance in Section IV.B. It can
also be observed that the current waveforms are more distorted
with the conventional ADRCC than with the enhanced. These
results show the ability of proposed CC to enhance power
quality of currents waveform and reduce harmonics that can be
part of disturbances.

r'=1pu, LI'=1 pu P=2pu, L =1pu

r' =0.5 pu ,L' =1 pu

—ig (Amp)

crn (WTTERTWRY
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Time (sec) Time (sec)

(a) Conventional ADRCC scheme (b) Proposed ADRCC scheme

Fig. 20 Expermintal results during disturbance for conventional and proposed
ADRCC, at 1000 rpm, fo=1 kHz , K,;=220 , m=2.2

C. Robustness to model uncertainties

The robustness of proposed ADRCC scheme to model
uncertainties has been verified experimentally by studying the
step response point with locked rotor to provide similar initial
conditions for all test cases and to avoid unwanted torque
effects. As the decoupled current dynamics for d- and g-current
are identical, the d-current reference step response from ig" =1A
to i¢"=3A has been applied assuming large errors in machine
parameters used in controller design. The experimental results
are shown in Fig. 21 indicating that the errors in machine
resistance value have insignificant effect on the current
response. Whereas, for the inductance, it is seen that the system
dynamics are deteriorated when higher value of inductance than
actual one is used. In opposite, when inductance value is set to
be lower than actual value, the system becomes more damped.

Effect of model uncertainties on system dynamics has also
been tested through measurement of system response during the
disturbance at LST ratio as shown in Fig. 22. Results show that
the errors in the predicted machine resistance have insignificant
effect on system dynamics. For errors in machine inductance, it
can be observed that the system dynamics is more damped and
stable when the inductance values used in the controller setting
is lower than its nominal value. Whereas the system has lower
stability margins at higher inductance values. Accordingly, it
can be deduced that setting the inductance value in controller to
be lower than the nominal value improves system robustness to
reduction of the machine inductance which happened due to
saturation effects. These results validate the analytical studies
of eigenvalues migration in Section IV.C.

VIII.

In this paper, effect of operating frequency on performance
of the current control loop based on ADRC has been analyzed
and tested. It has been concluded that the current controller
based on conventional ADRC scheme cannot provide

CONCLUSION
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Fig. 21 Expermintal results of current responcse at different values of the machine paraemters used in the controller , K,=251.32, m=2
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Fig. 22 Expermintal results of curent responcse during disturbance for the
proposed ADRCC for f./f;=10 at different conditions, K,=251.32, m=2
satisfactory compensation for cross-coupling terms which (7]
deteriorates system dynamics at high operating frequency.
Accordingly, system loses its stability at certain speed when the
sampling time ratio reduces. Moreover, higher operating speeds i8]
affects the ESO dynamics hence disturbance rejection
capability reduces. An enhanced ADRCC scheme is proposed
based on Smith Predictor that predicts the current components.  [°]
These components improve the observation accuracy of the
ESO as they eliminate the misalignment of ESO’s inputs. They  [10]
also generate a prediction decoupling for cross-coupling
components. Consequently, the resultant CC scheme is capable [11]
of operating the drive system at low sampling time ratio (higher
robustness to the operating speed) with high capability to reject
internal and externally time-varying disturbances (such as the [12]
unpredictable winds and noises). The proposed controller has
been analytically studied considering the model uncertainties
and the results of this study have been successfully confirmed [13]
by detailed time-domain simulations and experiments.
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