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Abstract- Aeronautical ground lighting (AGL) systems assist
aircraft pilots during airport operations. These systems are
single-phase series circuits where constant current regulators feed
luminaires with an adjustable rms current. These regulators are
single-phase voltage source converters with PWM inverters based
on insulated gate bipolar transistors to regulate the current.
Constant current regulators may cause harmonic resonance
instabilities when their control interacts with poorly damped
resonances in the 0.75 — 2 kHz range. This paper studies these
instabilities from the impedance-based representation of the AGL
system. Approximated expressions of the constant current
regulator and AGL circuit equivalent admittances are presented
to assess system stability. A comprehensive overview of the
influence that AGL system parameters have on harmonic
resonance instabilities is presented and several recommendations
on the AGL system components and constant current regulator
parameters are proposed in order to improve system stability.
Matlab/Simulink and PSCAD/EMTDC examples of a 68
luminaire AGL system are used to illustrate the contributions of
this paper.

Index Terms— AGL systems, harmonic resonance stability,
impedance modeling, voltage source converters.

1. INTRODUCTION

Aeronautical ground lighting (AGL) systems provide visual
information during approach, landing and taxiing [1].
These systems are 1 to 10 km single-phase series circuits
where constant current regulators (CCRs) feed luminaires
through transformers with voltages up to 5 kV [1]-[4]. CCRs
are single-phase voltage source converters (VSCs) with a
typical current rating of 6.6 A which provide an adjustable rms
current according to luminaire brightness requirements [4],
[5]. Luminaires are visual references for pilots and their
number ranges from 10 up to 300 in small and large AGL
systems, respectively. These luminaires are usually halogen
lamps but they are currently replaced by LED lamps due to
energy saving policies. AGL transformers ensure series circuit
continuity even in case of luminaire failure and isolate
luminaires from the high operating voltages of the CCR
primary circuit [6].

Harmonic resonances (from 0.75 to 2 kHz) can arise in
AGL systems mainly due to the capacitive cable characteristics
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and the inductive transformer characteristics. These resonances
can be analyzed from the AGL system equivalent circuit and
frequency scan simulations [7]. However, analytical
expressions are much more effective in characterizing
resonance frequencies as a function of system parameters.
CCRs may cause instabilities when their control interacts with
poorly damping resonances in the 0.75 — 2 kHz range. These
harmonic resonance instabilities are reported in other grid-
connected VSCs such as HVDC links [8], [9], wind power
plants [10], ac traction systems [11] and single-phase
applications [12], [13]. In AGL systems, the resistance value
of halogen lamps may be enough to prevent these instabilities
but they could arise with LED lamps due to their low power
consumption.

Frequency domain methods can be used to analyze the
influence of system and control parameters on AGL system
stability. The Nyquist criterion is the most used frequency
domain method to assess stability [14], [15]. Other frequency
domain methods such as the positive-net-damping stability
criterion are based on the impedance characterization of the
system which allows considering the individual contribution
that source and load subsystems have on system stability [16],
[17]. This criterion states that the system is stable if the net
damping of the system (i.e., the sum of the source and load
resistances or conductances) is positive at resonances (i.e., the
system is passive at resonances). In the literature, a number of
active damping methods are presented to limit resonance
instabilities. These damping methods propose control loop
modifications based on the system passivity [18], [19] and the
positive-net-damping criterion [20]. These modifications aim
to reshape the VSC impedance (or admittance) in order to
increase its resistance (or conductance) and damp resonances.
A few works also explore the influence that the control
parameter values have on the VSC impedance to improve the
VSC damping with an adequate choice of their values [19],
[21].

This paper studies the AGL system stability. It analyzes the
factors which could lead to system instability and proposes
several solutions based on the modification of the CCR control
parameters and AGL circuit components to improve AGL
system stability. The paper also provides simple expressions of
the CCR and AGL circuit equivalent admittances to
analytically assess stability. A Matlab/Simulink application in
a 68 luminaire AGL system is used to illustrate this study.
PSCAD/EMTDC simulations with the AGL equivalent circuit
in [7] are also used to validate the results.
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Fig. 1. AGL system (UCn: Underground cables. TRn: transformers. Lmn:
Luminaires).

II. IMPEDANCE-BASED REPRESENTATION OF AERONAUTICAL
GROUND LIGHTING SYSTEMS

Harmonic resonances in the 0.75-2 kHz frequency range
may cause instabilities in AGL systems due to the CCR
negative-conductance response [8], [9]. Such instabilities,
called as harmonic resonance instabilities, can be investigated
in frequency-domain by using an impedance-based
representation of AGL systems [14], [15], [18],[19]. This
representation allows analyzing interactions between the
harmonic resonances and the CCR negative-conductance
response, studying the causes of harmonic resonance
instabilities and proposing possible solutions.

Fig. 1 shows an AGL system with the AGL circuit and the
CCR control block and circuit diagram. AGL systems are
series circuits of copper insulated underground cables where
CCRs supply N, Iluminaires through transformers with
adjustable rms current. The AGL transformers separate CCRs
and luminaires into primary and secondary circuits, ensuring
series circuit continuity and isolating luminaires from the
primary circuit operating voltage, which can reach up to 5 kV
[1]-[4]. CCRs adjust rms current to a reference current value
Lo according to luminaire brightness requirements but they
may cause instabilities when their control interacts with poorly
damped resonances. The impedance-based characterization of
CCRs and AGL circuits is commonly used for assessing
stability problems.

A. CCR modeling

The DC-AC inverter of CCRs receives the DC supply
voltage v4 from an AC-DC rectifier and provides an
adjustable rms current according to AGL system requirements
[11, [2], [41, [5], [12]. CCRs commonly use pulse width
modulated (PWM) inverters based on insulated gate bipolar
transistors (IGBTs) to regulate current, [5], and also include an
output L-filter to reduce CCR current ripple and a power
transformer to increase the output voltage and isolate CCRs

from the AGL series circuit. CCRs are also usually fitted with
earth fault detectors and lighting arrestors installed at their
output terminals and output capacitors to mitigate high order
harmonics of the PWM carrier frequency [5], [7]. These
components are not included in Fig. 1 because they do not
significantly affect the harmonic resonance stability
assessment. The CCR control circuit provides the IGBTs with
5 -8 kHz PWM trigger signals and adjusts their duty cycle
based on the typical dg frame PI control [12], [13]. A feedback
transformer coupled to the secondary winding of the CCR
power transformer provides the voltage v and current i
feedback signals to the PI controller. The dg-frame PI-based
current control of CCRs is explicitly illustrated in Fig. 1 with
bold letters denoting the complex space vectors (i.c.,
x=xq+jx4). These space vectors are derived from the
orthogonal transformation of the AGL components x = v, i to
the oaf-frame components x*=xq+jxz [13], and the
subsequent transformation by means of transfer matrices
determined at the AGL angular fundamental frequency
w =21fi (fi =50 Hz) [18], [19].

Considering the dg-frame, the CCR model is obtained from
the current dynamics at the output filter and power transformer
terminals,

Vo =(R+Ls+ jLwy)i+v, (1)
and the CC voltage reference,
Vief :FPI(S)(iref —i)+jL£()li+H(S)V, (2)

where v and i are the AGL voltage and current, vo is the DC-
AC inverter output voltage, iret = I,.¢+j-0 is the CCR reference
current, R = R+ R and L = Ly+ Lc.. The transfer functions of
the PI controller and the AGL voltage feedforward low-pass
filter are considered in the control as

OCf
H(S)=S+a ; )
v

ki
Fra(s) =k, +-

where &, and k; are the PI control proportional and integral
gains and o =2mnf; is the low-pass filter bandwidth. The
control design results in k, = a.L and ki = a.R where . is the
current control bandwidth which should verify o < 0.2-(27f;.,)
with f;, being the inverter switching frequency [18], [19]. The
recommended low-pass filter bandwidth to ensure steady
inverter current output is oy < 0.1¢ex [9], [21].

The DC-AC inverter output voltage vo is related to the CCR
voltage reference vrer from the transfer function of the
computation and switching process time delay 74 as follows
[18], [19]:

v, = D(s)v D(s)=e"*T. 4)

ref

This time delay is approximately given by Tq~ 1.57; with
Ty = 1/f; and f; being the inverter sampling frequency which,
considering double-update PWM technique, is assumed twice
the inverter switching frequency (i.e., fs = 2fs) [9], [18].

The relation between the AGL voltage v and current i is
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Fig. 2. Real and imaginary part of the CCR admittance (Gcer(w) and Becr(®),

respectively).

obtained from (1), (2) and (4) as
(%)

where Fccr(s) is the CCR closed-loop transfer function and
Yccr(s) is the CCR admittance,

i = Foop()iger = Yocr (5)V,

Foo(s) = D(s)Fp(s)
T R Ls+ jLoy + D(s)(Fyy () - jLex ) ©
Yo (s) = 1-D(s)H (s)

R+ Ls+ jLay + D(s)(Fp (s)— jLay)

The CCR admittance is expressed in frequency domain by
setting s = jw in (6) [15], [19],
1-D(jo)H(jw)
R+ jL(@+ o)+ D(jo)(Fp (jo) = jLoy)

Yeer (o) = @)

where Fpi(jw), H(jw) and D(jw) are written from (3) and (4) as

. ki . r
Fp(jo)=k,-j—  H(jo)= ;
0] ap+jo

®)
D(jw) = cos(wT;)— jsin(wI).

The frequency response of the CCR admittance can be
easily determined from (7) by using current software tools.
However, an approximated expression of this admittance can
be used to understand the influence that the CCR parameters
have on AGL system stability. The CCR admittance in (7) can
be simplified if the resistance R and the PI control integral
gain k; are neglected and @>> {@, ¢y} is assumed at harmonic
resonance frequencies [19],

1

, 9
k, cos(wT;)— Loy sin(wT) + jLo ®)

Yecr(jo) =

Assuming that k,cos(wTy) — Lansin(wly) << L at harmonic
resonances for the usual values of the CCR parameters, (9) can
be simplified as

k, cos(wT) — Loy sin(@T) ; 1

Yeer (jo) —. (10)

CCR Loy Lo
Considering the data of the 25 kVA CCR in Table! (see
Appendix), Fig. 2 compares the conductance
Geer(w) =Re{Yecr(jw)} and the susceptance

Becr(@) = Im{Yccr(jw)} of the CCR admittances in (7) and

(10) for different values of 7 and u... These conductance and
susceptance are expressed in in per unit values, i.e. Yccr(s) is
multiplied by Un%Sy where Sy, Uy are the rated power and
primary voltage of the CCR power transformer. It is observed
the reasonable accuracy of the approximated admittance (10)
at frequencies of harmonic resonances. Moreover, the
following comments can also be derived from (10) and Fig. 2,
e The CCR negative-conductance region is characterized from
the boundary frequency f;, which can be analytically
obtained by solving the positive root of Geer(ar) = 0,

La, cos(w,T;)— Lo, sin(ew,T;) =0

an

= fy= ;{)—Z = i%tan’l (a./wy).

e According to (11), the boundary frequency can be shifted to
high frequencies by reducing the time delay 7y, i.e. by
reducing the control computation time [9] and increasing the
switching frequency.

e Considering that k, = Lo, the CCR conductance value is
reduced by increasing the L-filter and power transformer
inductances because it is inversely proportional to these
inductances (e.g., by increasing the short-circuit voltage uc.
of the CCR power transformer).

B. AGL circuit modeling

Fig. 3 shows the equivalent circuit of AGL circuits where
underground cables, transformers and luminaires are replaced
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Fig. 3. AGL circuit (UC.: Underground cables. TR,: transformers. Lmy:

Luminaires): (a) Equivalent circuit. (b) Approximated equivalent circuit.



by their corresponding models.

AGL underground cables are modeled with a m-equivalent
circuit based on concentrated parameter model [7]. The cable
conductance is neglected and the concentrated parameters R., ,,
L, » and C., , are obtained from the distributed parameters Ry,
L. and C, and length d_, , of the cable (n =1 to Ny +1),

Rc,n = Rx .dc,n Lc,n = Lx ’ dc,n Cc,n = Cx .dc,n' (12)

AGL transformers are single-phase transformers generally
consisting of a rectangular magnetic core and separate primary
and secondary windings [6]. Their power rating ranges from
30 to 500 W and their current ratio is generally 6.6/6.6 A.
AGL transformers are characterized with the model proposed
in [6] where R, , and L;, (n=1 to N;) are the winding
resistance and leakage inductance and the core parameters are
neglected in front of the luminaire impedance.

AGL luminaires are usually halogen lamps which are
modelled as a resistance R; ,. This resistance is accurately
calculated from the luminaire active power Py, and the current
rating of the AGL system highest brightness step, i.e.,
Ry n=Pp /6.6 (n=1 to N.) [7]. Nowadays, halogen lamps
are being replaced by LED lamps in AGL systems due to
energy saving policies. LED lamps are low consumption
electronic non-linear loads which reduce AGL power
consumption. However, system power quality may get worse
and AGL system dynamics may also be affected due to the low
power consumption and electronic characteristics of LED
lamps. These lamps commonly have an active filtering circuit
to correct the power factor and they could therefore be
modeled as resistances whose value is calculated as halogen
lamp resistance value. AGL transformers, and occasionally
CCRs, may also be changed when the halogen lamps are
replaced by LED lamps in order to adapt the transformer and
CCR rated power to the LED lamp consumption.

The AGL circuit admittance Ycsr(s) can be determined by
applying the node voltage method (NVM) to the AGL
equivalent circuit in Fig. 3(a). However, the approximated
equivalent circuit in Fig. 3(b) can be used to obtain a friendly
expression of this admittance which allows understanding the
influence that the AGL circuit parameters have on AGL
system stability. In this approximation, the first half of the
cable capacitors are grouped at the beginning of the circuit as
Cp and the second half are grouped at the end as Cy, i.e.,

N, /2 N+l
CB = Cx Z dc,n CN :Cx z dc,n' (13)
n=1 n=N/2+1

According to Fig. 3(b), the AGL circuit admittance is
approximated as

Yop(s) = Cps+———
Ry +Lgs (14)

C,C
=N Lg =Lyc + Ly,

= Ry =Ryc+ Ry +R
CB+CN E ucC TI Lm

E

where Ryc, Rr, Run are the total resistance of the AGL

underground cables, transformers and luminaires, and Lyc, L1y
are the total inductances. i.e.

Ny +1 N+l
RUC = Z RL',n = dc'Rx LUC = Z Lc,n = chx
n=1 n=l1
N, N, N, (15)
RTR :th,n LTR :ZLt,n RLm :ZRL,n’
n=l1 n=1 n=1
and d, is the total length of the AGL circuit,
N;+1
(16)

dc = z dc,n'
n=l1

The AGL circuit admittance is expressed in frequency
domain by setting s = j@ in (14),

Lrow

Coo————|. 17
£ R§~+(LE(0)2] an

Yor(jo) x——2—+j
T R+ (Lg0)

and, assuming that Rg << Lg® at harmonic resonances for the
usual values of the AGL circuit parameters, (17) can be
simplified as

Lrw

R 1
Ter(jo) = E)z +j{CEw——J. (18)

)
Considering the data of the 68 luminaire AGL system in

Table IT (see Appendix), Fig.4 compares the conductance

Ger(@) = Im{Ycr(jo)} and the susceptance

Ber(w) = Re{Ycr(jw)} of the AGL circuit admittance obtained

from the NVM and (18) for different values of P , and L; ,.

These conductance and susceptance are expressed in in per

unit values, i.e. Ycr(s) is multiplied by Un»?/Sy where Sy, Uz

are the rated power and secondary voltage of the CCR power
transformer. It is observed the reasonable accuracy of the
approximated admittance (18) at frequencies of harmonic
resonances. Moreover, the following comments can also be

derived from (18) and Fig. 4,

e The value of the AGL circuit conductance is increased by
increasing the luminaire power consumption (i.e., the
luminaire resistances) and by decreasing the AGL cable and
transformer inductances because this conductance is
proportional to the equivalent resistances and inversely to

Beig (pu)

0 i ;
0.5 1™ 15
fre= 1.1kHz
Fig. 4. Real and imaginary part of the AGL circuit admittance (Gcr(®) and
Bcr(®), respectively).
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Fig. 5. AGL system modeling: a) Equivalent circuit. b) Closed-loop system.

the equivalent inductance square.
e High values of the AGL capacitors and inductances may
shift parallel resonances to low frequencies according

to £, =1/22L;Cp .

C. AGL system modeling

According to the previous CCR and AGL circuit models,
the impedance-based equivalent circuit of AGL systems is
shown in Fig. 5(a). The CCR is represented as a Norton
equivalent source (5) and the AGL circuit is modeled with the
equivalent admittance Ycr(s) (14). It must be noted that the
CCR (6) and AGL circuit (14) transfer functions are in dg and
grid coordinates, respectively, and they must be in the same
frame to assess stability. For that, these transfer functions are
expressed in af coordinates: the CCR closed-loop transfer
function Fecr(s) and the equivalent admittance Yccr(s) in (6)
are transformed from dg coordinates to ¢@f coordinates by
means of the frequency translation s — s —jan and the AGL
circuit admittance Ycr(s) in grid coordinates is the same as in
aff coordinates [9], [19]. Moreover, the CCR and AGL circuit
admittances are expressed in per unit values, i.e. Yccr(s) is
multiplied by Unvi*Sy and Ycir(s) by Un2?/Sy where Sy, Ui and
Uny are the rated power and voltages of the CCR power
transformer.

The impedance-based equivalent circuit in Fig. 5(a) can also
be represented as the closed-loop system in Fig. 5(b)
considering the relation between the current source and the
voltage at the CCR terminals,

1/ Yerr (5)
1+ Yeoer (8)/ Yo (5)

which can be expressed by the following transfer functions

VY =Z,(5) Fcr (9)ires = Fecr (9)iges, (19)

M(s)
1+L(s)

F(s)=2,(s)= L(s) =M (s)N(s), (20)
where L(s) is the loop transfer function and M(s) = 1/Ycir(s)
and N(s) = Yccr(s) are the open-loop and feedback transfer

functions, respectively.

III. STABILITY STUDY OF AERONAUTICAL GROUND LIGHTING
SYSTEMS

The impedance-based equivalent circuit in Fig. 5(b) can be

used to analyze stability considering the transfer function F{(s)
of the closed-loop system representation (19).

A. AGL stability assessment

Frequency domain methods are commonly used to assess
stability. The Nyquist criterion [14], [15] is a usual tool but it
focuses on the loop transfer function L(jw), which does not

allow investigating separately the contribution of the CCR and
the AGL circuit to the closed-loop stability. On the other hand,
the positive-net-damping stability criterion avoids this
drawback considering the stability contribution of each
subsystem [16], [17], [20]. This criterion is derived from the
Nyquist criterion and it relates the net damping and the
harmonic resonances of the system with stability. Considering
the frequency response of the CCR and the VSC admittances
in Fig. 5 as follows:

Y,(jo) = G;(w)+ jB; (@) (i=CCR,CIR), 2n

the positive-net-damping criterion states that the net damping
G(®) = Geer(®) + Ger(w) must be  positive at  harmonic
frequencies of the system parallel resonances to ensure
stability. Assuming that the resistive components of the CCR
and AGL circuit can be neglected in comparison with the
reactive components, these parallel resonances can be
determined as

I {Yecp (j@) + Yo (j@)} = Beeg (@) + Bep (@) =0, (22)
which can also be analyzed from the impedance Z(j®) in (19),

B. Comments and recommendations on AGL stability

AGL system stability can be easily analyzed from the
positive-net-damping criterion. Considering the CCR and AGL
circuit approximated expressions in (10) and (18), the
harmonic frequency of the parallel resonance condition in af
frame is obtained as

1 1
B o )+Bp(o)r ——+Cro,. ——=0
CCR( r) CIR( r) L(co,—a)l) EYr LEa)r
I N S @3)
2r  2r& L-LEC
L+L, °©

and the net damping at harmonic resonance (23) is expressed
from (10) and (18) as follows

G(@,) = Geep(@,) + Gep(@,) =
a, cos((w,— w)T;) -, sin((w,— o)1) N Ry
L(w, —0)1)2 (Lro, )? .

It is observed that the damping of the AGL circuit Ger(w) is
positive for all frequencies and therefore, the net damping
G(w) will be only negative at f, if the CCR damping Gccr(@))
is negative and the damping contribution of the AGL circuit is
smaller than the CCR damping contribution, i.e. if
Geer(m) <0 and |Geer(ar)| > |Ger(@)|. The CCR damping
Geer(@y) is negative if the frequency £, is in the CCR negative-
conductance region, i.e. if f. >f;, where f, is the boundary
frequency of this region (see Subsection II.A). The following
comments on the AGL system stability can be derived from the
above results:
¢ In general, the damping contribution of the halogen lamps in

(14) (i.e., the resistance of halogen lamps R, , = Py, ,/6.6)

24
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Fig. 6. 68 luminaire AGL system.

is enough to ensure AGL system stability, i.e., to ensure that
|Geer(ar)] < |Gemr(ar)|.

e The halogen lamps replacement with LED lamps reduce the
AGL circuit damping Ger(@) because the resistance of LED
lamps is smaller, and this may cause the AGL system
instability if GCCR(Q),) <0and |GCCR(M)‘ > |Gc1R(a),~)‘.

e The possibility of harmonic resonance instabilities in small
AGL systems is smaller than in large AGL systems because
the total length of the AGL system is smaller and therefore
the equivalent capacitor and inductor values of the
underground cables are smaller shifting the harmonic
resonance to high frequencies. The reduction of the inductor
values also increases the contribution of the AGL circuit
damping (18) improving system stability.

The following recommendations to improve AGL system
stability can also be derived:

e Reduce the rated power of the AGL transformers and CCR
according with the power consumption of LED lamps may
decrease the inductance L, , of the AGL transformers, which
increases Ger(w) and may also shift £, far from the negative
damping region.

e Reduce the computation time delay of the CCR and increase
the switching frequency reduces the CCR time delay 7, and
may shift f, above the resonance frequencies.

IV. APPLICATION

Stability of the Reus airport (Catalunya, Spain) approach
lightning system in Fig. 6 is analyzed [7]. This system has a
25kVA CCR supplying 68 luminaires of 150 W connected
through 150 W 6.6/6.6 A 50 Hz transformers along 8.89 km
(see data in Appendix). The frequency response of the
impedance Z(jw) = (Yccr(jo) + Yer(jw))™ (19) and the
dampings G(w),Gccr(®) and Ger(w) as well as the Nyquist
plots of the loop transfer function L(jw) and the
PSCAD/EMTDC simulation plots of the CCR connection
dynamics are shown in Fig. 7 to illustrate the 68 luminaire
AGL system stability.

System stability with the halogen lamps in Table I
(Case #1) and with LED lamps of 15 W (Case #2) is analyzed
in Fig. 7(a) and (b), respectively. The stable response of the
AGL system with halogen lamps (Case #1) is predicted with

the positive-net-damping criterion in Fig. 7(a) because the
parallel resonance at f. = 1.85 kHz is in the positive-damping
region of G(w). It must be noted that, although f- is greater
than f, = 1.42 kHz (i.e., Geer(@) < 0 at f), the contribution of
the AGL circuit conductance lead to AGL system stability due
to |Geer( @) < |Ger(a@r)|. The Nyquist plot of the loop transfer
function L(jw) confirms this result because the Nyquist curve
does not encircle the —1 (nor the open-loop system has positive
poles). The halogen lamp replacement by 15 W LED lamps
(Case #2) leads to an unstable response of the AGL system
which is predicted with the positive-net-damping criterion in
Fig. 7(b) because the parallel resonance at f, = 1.86 kHz is in
the negative-damping region of G(w). In this case, it is
observed that f. is also greater than f, =1.42 kHz and the
contribution of the AGL circuit conductance is not enough to
obtain AGL system stability, i.e. |Gceer(@)| > |Ger(@y)| due to
the small LED lamp power consumption. The Nyquist plot of
the loop transfer function confirms this result because the
Nyquist curve intersects the unit circle at 1.86 kHz encircling
the —1 point in clockwise direction. Time-domain simulations
in PSCAD/EMTDC are shown in Fig. 7(a) and (b) when the
CCR is connected. It is verified the stable and unstable
response of the AGL system in Case #1 and #2, respectively.

Several measures on the AGL system components and CCR
control parameters can be applied in order to achieve the
stability of the 68 luminaire system with LED lamps. Regard
to the AGL system components, Fig. 7(c) shows the stable
response of the system when the 150 W AGL transformers are
replaced by 45 W AGL transformers (R,,=0.187Q and
L., »=0.37mH [6]) in order to adapt the transformer rated
power to the LED lamp consumption (Case #3). It can be
observed that the 45 W AGL transformer inductance L; , is
smaller than the 150 W AGL transformer inductance which
increases the contribution of the AGL circuit conductance (see
Subsection III.B) and |Gcr(@r) becomes greater than
|Gccr(ar)|. This ensures that parallel resonance at £ = 2.33 kHz
is in the positive-damping region of G(@). Note that the
reduction of the AGL circuit inductance does not modify the
boundary frequency f, but increases the resonance frequency f-
(23). The stability results are confirmed by the Nyquist plot
and the PSCAD/EMTDC simulations. AGL transformers of
smaller rated power could be used which further improve
stability. Also, the replacement of the 25 kVA CCR by a
2.5kVA CCR with a 300/400 V power transformer may be
made in order to obtain system stability (results are not shown
for sake of space). Regard to the CCR control parameters, Fig.
7(d) and (e) show how the reduction of the control
computation time delay, 7y = T, (Case #4) and the increasing
of the switching frequency f, up to 8 kHz (Case #5) lead to a
reduction of the CCR time delay 7, which increases the
boundary frequency to f, =2.11 and 2.25 kHz, respectively.
This boundary frequency becomes greater than the resonance
frequency f and therefore it is verified that Geer(@) > 0 at f..
Nyquist plot and PSCAD/EMTDC simulations validate this
result.
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Fig. 8 shows the frequency response of the impedance Z(j )
and the net damping G(w) for different number of LED
luminaires in order to illustrate the stable response of small
AGL systems. It can be observed that damping increases to
positive values and resonance frequency shifts to high values
in small AGL systems which favors system stability.

V. CONCLUSIONS

This paper analyzes AGL system stability. It is concluded
that the damping of halogen lamps may be enough to prevent
instabilities in AGL systems but these instabilities may arise in

large AGL crcuits where halogen lamps are replaced by LED
lamps. Simple expressions of the CCR and the AGL circuit
admittances are presented in the paper to analyze the causes of
instabilities and propose solutions. Several recommendations
on the AGL system components and CCR control parameters
are proposed in order to improve AGL system stability. The
reduction of the AGL transformer and CCR rated power
according with the LED lamp power consumption and the
reduction of the CCR time delay may improve this stability.
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APPENDIX: AGL SYSTEM DATA

The data of a 68 luminaire AGL system were obtained from
the technical support of Aena Aeropuertos S.A Reus Airport
(Spain). These data were used in several field measurement
works conducted on AGL circuits at Reus airport (Catalunya,
Spain) [6], [7]. The CCR and AGL circuit data are shown in
Table I and Table II, respectively. The data were obtained
from manufacturer datasheets and laboratory and field
measurements. In particular, the AGL transformer data values
were obtained from laboratory measurements [6].
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