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Automatic Resonant Frequency Tracking in Parallel
LLC Boost DC-DC Converter

Utsab Kundu, Student Member, IEEE, Shiladri Chakraborty, Student Member, IEEE,
and Parthasarathi Sensarma, Member, IEEE

Abstract—This paper proposes an automatic resonant frequency
tracking scheme for resonant converters. A plant modeling ap-
proach is presented based on realistic ramp variation of resonant
frequency due to slowly varying environmental conditions. The
drift in resonant frequency is detected by observing the phase rela-
tionship of an electrical variable pair. A rigorous analysis is carried
out to select the most suitable variable pair for phase comparison.
The effects of circuit nonidealities on the proposed phase detection
technique have been detailed. The proposed control technique has
been implemented using low cost analog circuitry and is applied to
a parallel LLC tank-based resonant boost de-dc converter. Exper-
imental results are presented on a 160-W prototype to validate the
analytical predictions.

Index Terms—DC-DC converter, parallel LLC tank, phase com-
parator, resonant frequency, self-tuning.

1. INTRODUCTION

EMAND for dc—dc converters for high voltage gain (A,)
D is increasingly felt in many recent applications like high
intensity discharge (HID) lamps in automobiles (12-120 V)[1],
telecom supplies (48-380 V) [2], dc bus supply for grid-side
converters in photovoltaic/fuel-cell/battery interfaces [3]-[7]
and drive converters in electric/hybrid electric vehicles [8]-
[12]. Additional demands on power density require that the
source current drawn by these converters be continuous. Clas-
sical boost converters are inadequate for these applications
since their A, versus duty-ratio characteristics become con-
cave in continuous conduction mode, given the inevitable pres-
ence of parasitic resistances. Cascaded boost converters [13],
coupled inductor boost converters [14], and boost converters
comprising voltage multiplier cells [15] provide high gain, but
have high part count. The Z-source inverter [16] has restricted
gain and efficiency after incorporating parasitic resistances.
Moreover, discontinuity in its A, characteristic around maxi-
mum gain region complicates the control scheme. Some of the
aforementioned applications demand galvanic isolation, which
allow the designer to achieve any high voltage gain by select-
ing transformer turns ratio. But transformers having large turns
ratio suffer from high leakage inductances, which inevitably
increase the voltage stress on switches [17]. A parallel LLC
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resonant boost converter is reported in [18], which success-
fully provides high A, along with galvanic isolation, which
not only ensures reduction in voltage stress but also achieves
soft switching.

In the conventional resonant converters, the switching fre-
quency is used as a control variable to modulate the tank gain
[19]-[24]. But if the tank is designed to provide very high gain,
the gain characteristic necessarily has an extremely high curva-
ture around the resonant frequency, which makes minute modu-
lation of the switching frequency to achieve precise and steady
voltage control practically unrealizable. Hence, to extract max-
imum gain, the converter is operated [18] at the tank resonant
frequency, which, however, drifts due to tank parameter vari-
ation leading to reduction in A, . This reduction could be pre-
vented with an online strategy to tune the converter switching
to match the current resonant frequency, which summarizes the
motivation and scope of automatic resonant frequency tracking
(ARFT) methods.

In the reported literature, frequency tracking has been
achieved for parallel resonant converter [25], [26] and LCC
[27] by sensing the tank input current followed by a phase-
locked loop. But this is not applicable for isolated topologies
since the tank input current no longer remains in phase with the
switching signals, due to the transformer magnetizing current
[28]. For isolated converters, a recent ARFT strategy [29] for a
series LLC tank topology stipulates a two-step approach. First,
the switching signals of the secondary side synchronous rectifier
(SR) MOSFETs are adjusted to eliminate body diode conduc-
tion. Then, a pulsewidth-locked loop (PWLL) is used to equalize
the pulsewidth of the primary and SR switches, which in turn
ensures the frequency tuning. But this method, which exploits
the switching behavior of an antiparallel diode-MOSFET pair,
is not applicable for topologies having a diode bridge rectifier
in secondary.

This paper presents a different approach for self-tuning, which
is based on phase relationship between a pair of unique electrical
variables in the resonant tank. Detailed analysis to decide the ap-
propriate variable pair, based on justifiable criteria, is provided.
The rest of this paper is organized as follows. Section II reviews
the parallel LLC tank-based boost topology proposed in [18] and
describes the output filter inductor design. Section III details the
design of the ARFT controller, while Section IV presents an an-
alytical approach to choose an appropriate variable pair to detect
the frequency drift. Section I'V analyses the effect of tank non-
idealities on the phase relationship of the chosen variable pair.
Analog implementation of the proposed control technique is de-
scribed in Section V. Numerical simulation results are presented
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Fig. 2. (a) Zip(s) and Z;o0(s). (b) Voltage gain versus p.u. switching fre-
quency.

in Section VI and augmented with experimental results on a
160-W prototype to validate the analysis.

II. PARALLEL LLC RESONANT BOOST DC-DC
CONVERTER TOPOLOGY

The dc—dc converter topology proposed in [18], depicted in
Fig. 1, is basically a high-frequency LLC resonant converter. The
resonating elements comprise the series inductor L transformer
magnetizing inductance L,, and the parallel capacitor C,,. The
tank is excited through a full-bridge circuit and its output feeds
the transformer primary. Rectification of the secondary voltage
is done by a diode bridge rectifier followed by a second-order
filter for double-frequency attenuation.

A. Properties of the Tank

Fig. 2(a) shows the transfer characteristic of the short-circuit
input impedance Z;y(s) and the open-circuit input impedance
Zioo(s) of the LLC tank network given by the following equa-
tions [18]:

Zio(s): SLS
Zino(8) L +< ! [l L>
ico\S) = Skl — IS
sC, "
1+ s%/w?
= L,+L,)) ————~ 1
s(Ls + Ly) 1+ s2/w} M

where

wi =1/\/L,Cp, wo=1/1/(Ls || L,)C,. )
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Fig. 3. (a) Diode rectifier circuit. (b) Inductor current waveform.

The tank has two corner frequencies: w;, due to L, and C),,
and wy, due to (L, || L,) and C,. From Fig. 2(a), it is clear
that for w > wy, both Z;(s) and Z;(s) are inductive, which
implies inductive loading of the switch network, thus ensuring
load independent ZVS [30]. This is an advantage of the voltage
stiff LLC tank topology compared to the conventional current
stiff LLC topology [31]-[36]. The maximum voltage gain of the
tank at w = wy is derived [18] as

%(jw) [ L, } Cp
= R . 3
P Ve R AT

Vi(jw)

where R is the equivalent load resistance seen from the trans-
former primary given by

R = 7T2R10ad/8N2 (4)

where IV is the transformer turns ratio. Variations of voltage
gain with switching frequency at different load conditions are
shown in Fig. 2(b). To achieve peak gain, the converter should
always operate at a switching frequency

fs = fo=wo/2m. Q)

B. Filter Inductor Design

While deriving (4), small ripple approximation [30] was ap-
plied to the filter inductor current and its validity must be ensured
over the entire load range, especially at low-load conditions.
Fig. 3(a) shows the diode rectifier output v, the filter inductor
Ly, and the dc bus voltage Vj.. V., denotes the peak value of
vy. Ve is assumed to be constant and ripple free. The typical
waveform of inductor current, 77, , is shown in Fig. 3(b). 112 and
11 are the maximum and minimum values of 7, respectively,
whereas I, denotes the average value.

From Fig. 3(b), it is obvious that

Vie =2V /1 = Vi sinhy = sinf, = 2/m. (6)

During the interval, 0; < wt <7
di
wL fﬁ = Vo sin(wt) — Ve )

Solving (7) and noting that¢;, = I atwt = 6, and iy, = I at
wt = (m — 61), the per unit (p.u.) peak to peak inductor current
ripple is derived for minimum load condition as

(Ins —I11)/1;, = KV{ JwLt Pomin (3
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TABLE I
COMPARISON OF INDUCTOR POWER DENSITY WITH OTHER TOPOLOGIES

Topology Ly Py I Py/(LsI3)
(nH) (kW) (A) (W/HA?)

Parallel LLC

Boost 10,000  0.160  0.357 125,540

ZNS-ZCS

Full Bridge [37] 12 2 41.67 95,984

Natural ZVS

Bidirectional [38] 5 1.6 133.3 18,000

Isolated Boost

Full Bridge [39] 2.5 3 350 9,796
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Fig. 4. (a) Proposed Frequency Tracking loop. (b) Simplified block diagram
of frequency tracking loop.

where
K= (m/1 —(4/72) + 2sin"} (2/7) — 7r) .

and Py, is the minimum value of output power (/). To re-
strain this ripple to less than 40% of the average output current
at 20% load, the value of Ly has been evaluated from (8) and
(9) and is listed in Table I. A direct indication of the inductor
power is obtained by comparing P /(L I#) [30] for some sam-
ple topologies [37]-[39], which proves that the filter inductor of
the parallel LLC boost converter offers the optimal design.

III. PROPOSED ARFT SCHEME

Since the drift in the tank resonant frequency is mainly due
to change in ambient conditions, the ARFT scheme is proposed
as a slow outer-loop nesting an inner fast voltage control loop.
Thus, the bandwidth of this loop is designed at least an order
lower than that of the inner loop. With this consideration, the
plant, comprising the switch network and tank, is adequately
modeled as

[il v, Z’Q}T :gp'Um gp _ [Ale.ﬁm A2e.i¢>2 A3e,j¢3}T (10)

where Ay and ¢y, kK =1,2,3 are not functions of time but
exclusively depend on the tank excitation frequency, fs. The
plant parameters, A and ¢y, are expressed in terms of LLC
circuit parameters and have been presented in Appendix B.
Assuming realization of a reasonably accurate phase detection
network, which, when operating on any two plant variables ,,
and y,,, extracts

A(b:arg(ym y:;) (11)

a frequency tracking loop is proposed as shown in Fig. 4(a).
The proposed control loop is further simplified and depicted in
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Fig. 4(b). Since the ARFT loop is designed for operation close
to the exact resonant frequency, the plant is modeled using a
first-order approximation as follows:

Ap = (ad} (12)

ow

) Aw = mAw.

wo

Controller design is based on ensuring arbitrary steady-state
tracking error for a realistic ramp variation in the resonant fre-
quency fy, given by

Jo(t) = Foi (1 + at)

where Fp; is the initial value of f;(¢) and « the ramp slope. An
integral controller H (s) is selected and the integral constant k;
decides the steady-state error egs as follows:

13)

E(s) = Fo(s) — Fs(s) = Foi(s + a)/s(s+mk;). (14)
Using the final value theorem, the steady-state error is
Ess = lir% sE(s) = (Fy;«)/(mk;). (15)

Arbitrary steady-state error egs is ensured by the integral con-
stant k; given by

k; = a/messpu7 €sspu = Ess /E)z (16)

IV. CHOICE OF A VARIABLE PAIR TO DETECT DETUNING

Fig. 5 shows the circuit diagram of the resonant tank along
with the relevant state variables. Denoting the state vector
X = [iy v, i)T and its time derivative as X = [v; ic v,]7,
selection of the suitable variable pair begins with the definition

of the set A as well as its Cartesian square IT as follows:
A={X" X" v} and II=A x A. (17)

Assuming that the frequency response of the tank network has
negligible sidebands, a binary relation ® is defined on A as
follows:

$d C II and

D {(x),, x,) @ argla,, (jw)/z, (Jw)] € (B1UB2)}.
(19)

(18)

The membership of sets B1 and B2 and its implications are
explained as follows.
1) B1 is the set with no element a constant. (Nontriviality)
Trivial 2-tuples are of the form (z, z), (x, &) or (&, x).
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TABLE I
TRANSFER FUNCTIONS OF RELEVANT VARIABLE PAIRS AND THEIR PHASE RELATIONSHIPS
G (s) Cun N(s)  D(s) tan(¢) Toolopu=1
Vi(s)/Vi(s)  a/(1+a) 1 Fi(s) —wy [wa —2Qo = —m>
Vi (s)/Vi(s) 1/(1+a) Fiy(s) Fi(s aw, [ (wawp +w? (14 a)) —ap(Qo/d) = —m
Vi (s)/V,(s) 1/a Fy(s) 1 wy (14 a)/wg (1+a)(2+a)/(Qod) =ms3
20% Load 20% Load 20% Load-—,
-50+ 1 150; : @ 150 £
3 = Rated Load g
100+ 'S 100 'z 100 4 :
X Rated Load 8 Rated Load ;_E E’
-150¢ 1w 50 -9 50l =
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(a) (b) (c)
Fig. 6. Phase plots of all feasible variable pairs.
2) B2 is the set with no two elements, ¢,,, ¢,, satisfying 11 50 % load = %‘}
¢m = £¢,, = C(any constant). (Uniqueness) 1l / ~E?
Nonunique pairs of 2-tuples are of these forms: (x,, , z;,) “m, é"
and <xn » Tm >; <xm ) .13"> and <jf'm ) jjn>; <xm ) an> and 9| e 2
<$m s xn,>; and <xm , xn> and <xm , l‘n>~ g - -Rated load _L%
Using these rules, the final solution set ® is seen to comprise 4 45 0 5 5.5
only three pairs, as indicated in Table II. In case of nonunique =0
pair of 2-tuples, (2,1, €n1) and (T2, £,2 ), which are both non- @
trivial, preference is given to voltage variables as current mea- Fig. 7. (a) Variation of phase curve slope magnitudes with Q)y. (b) Nonideal

surement would introduce additional impedances in the power
circuit.

For each 2-tuple, (z,,,x,) in ® the corresponding transfer
function

zu(s) &

Ty ()

Gy, (20)

S0 = s/wy

is also listed in Table II, where C,,,, is a constant, and N (sy)
and D(s() are the numerator and denominator polynomials, re-
spectively, in the Laplace operator s normalized by the resonant
frequency wy. Furthermore, the following definitions were used
for concise expression of the quantities listed in Table II:

Qo= R\/(1+a)(Cy/L,), a=L,/Ly (21)
Fi(s) = 5+ (s0/Qo) +1 (22)
Fy(s) = sy(1+a)+ (s50/Qo)(1+a) +1.  (23)

It is observed that the modulus of these transfer functions are
typically either symmetric or load-dependent around resonant
frequency. Hence, the sense of frequency error is not suitably
reflected in the gain characteristics. It is for this reason, attention
is given to the phase, ¢ (=arg[G} (jw)]), as plotted in Fig. 6 at
the two extremes of the load range considered. The expressions
of tan(¢) are listed in the fifth column of Table II, where

parallel LLC tank circuit.

(24)
(25)

2
Wpu = W/wo, Wo =1—wy,

wg 1-(1+ a)wgu, Wy = wWpu/Qo-

In the second step, a localized search for the best candidate
transfer function is carried out from the set I1. The chief criterion
used is the sensitivity of the phase ¢ to the excitation frequency
of the tank input, in the vicinity of the resonance frequency wy
and is expressed by modifying (12) as

d¢
= . 26
dwpu wpu=1 (20
These are listed in Table II using the following definitions:
d=a’+((L+a)/Q)* p=(1+0a)/Q})+2a. (@7)

Visual inspection of Fig. 6(a)—(c) clearly shows that m3 is much
lower than m; or mas, hence, it is ignored in subsequent in-
vestigation. Also evident is that the sensitivity has an inverse
relationship with load, hence, its variation is probed in the range
50%—-100% of rated load and shown in—Fig. 7(a). Clearly, the
pair (v, vp) has the greater sensitivity and is, therefore, chosen
for ARFT. Substituting m = my = 2Q) in (16), k; is selected
to limit the steady-state error (€ggpy) to 0.0004 p.u, for a ramp
rate of 0.05 p.u. frequency drift in 20 s, at rated load and the
result is tabulated in Table IV.
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TABLE III
FREQUENCY DRIFT DUE TO NONIDEALITIES (ALL DATA ARE IN P.U.)

Load condition ~ Aw  7rpu  7cpu  Lirpu
Rated load 0.03 0.1 0.1 0.05
20% load 0.01 0.1 0.1 0.01

=70

80}

90}

=100}

Phase (deg.)
Phase (deg.)

-110}

10°% 10° 10 10 10’
Frequency (p.u.) Frequency (p.u.)
(a) (b)

Fig. 8. Phase plots of V,,(s)/V;(s) considering different combinations of
nonidealities.

A. Effects of Tank Nonidealities

Since, so far, the analysis was based on ideal circuit elements,
the previous conclusions could arguably be invalidated in prac-
tical circuits. To ensure their validity, therefore, the parallel LLC
tank circuit, shown in Fig. 7(b), is considered with three major
nonidealities, viz. transformer leakage inductance, L;;, internal
resistance, 7, and ESR, r¢, of L, and C),, respectively. The
modified transfer function V) (s)/V;(s) is expressed as

Vo(s) azsy + as st + ai s
‘/IL(S) b453+b358+b288+b180+1.

(28)

Coefficients of both numerator and denominator polynomials
of (28) are detailed in Appendix A. For a realistic variation
for r1pu, Tcpu (0-0.1 per unit) and Ljjp, (0-0.05 per unit),
two families of phase curves are obtained for the loading ex-
tremes with different combinations of 7., 7 pu, and Ly, and
shown in Fig. 8. The combinations of nonidealities for which
maximum frequency drifts (Aw) take place during rated and
20% load conditions have been listed in Table III. Evidently,
for the considered range of nonidealities, it is not possible to
detect frequency deviations less than 3% and 1% of the res-
onant frequency, at maximum and minimum load conditions,
respectively.

V. ANALOG REALIZATION OF ARFT

The automatic resonant frequency tracker has been imple-
mented using low-cost analog circuitry. It mainly comprises a
phase-shift controller and a phase comparator. However, to re-
strict the injection of dc current into tank circuit, a dc current
elimination scheme has also been incorporated.

A. Phase-Shift Control

The full-bridge circuit is switched using phase-modulated
(PM) approach [40]. The block diagram of PM controller is de-
picted in Fig. 9(a). The voltage-controlled oscillator (VCO) is
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Fig. 9. (a) Control block diagram and (b) ideal waveforms of ARFT.

followed by a flip—flop in toggle mode, which generates com-
plementary switching signals G; and G, each with 50% duty
ratio. The level shifter synthesizes the switching signal Go to
produce a zero-mean square wave f,, which is, subsequently,
integrated to produce the carrier triangle v;,;. The control volt-
age V. decides the overlap angle as switch M3 is made to turn
OFF at the intersection [marked as R in Fig. 9(b)] of V. with
vti. Comparison of vy, individually with V. and (V,,, — V),
generates the switching signals G5 and Gy.

B. DC Current Elimination

Absence of series capacitor in the topology indicates that the
tank is not inherently capable of dc rejection. To mitigate this
problem, dc component (I.) of tank input current is extracted
using a low-pass filter and integrated as shown in Fig. 9(a).
The integrator output (Veomp) is added to V,,, which adjusts the
turn-off instant of M3 to eliminate any dc current.

C. Phase Comparator for Self-Tuning

Fig. 6(a) reveals that v, lags fundamental of v; by 90° when
fs = fo, atall loads, implying that the positive going zero of v,
coincides with the axis of symmetry of the positive half of v,
[marked as J in Fig. 9(b)]. The corresponding voltage level (y)
on the carrier triangle, v, at “J” is

y = (‘/m - ‘/()/2

For known V,,, and V., sampling of v, is performed precisely
at “J” in every cycle through comparison of y with v, as
shown in Fig. 9(a). Since the sampled value, Vj is positive for
fs < fo and negative for f; > fj, the sign of frequency error
is clearly revealed by V. Moreover, as obvious from Fig. 6(a),
Vs varies almost linearly for small excursions of f, around the
resonant frequency. Hence, V; is integrated and the integrator
output (AVYyg) is subtracted from the nominal VCO reference

(29)
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TABLE IV
SYSTEM SPECIFICATIONS

L Ly Cp fs

N Cf Vg Vdc kz

20 uH 200 nH 33 nF 200 kHz

4 16.5 uF

35V 400 V 0.6944

v [ v v

t P t 4

(a) (b) (c)
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Fig. 10.

Performance of frequency tracking controller. Simulation results: (a) open loop (fs = 190 kHz and f; = 200 kHz), (b) open loop (fs = 210 kHz and

fo = 200 kHz), (c) closed loop (fs = fo = 200 kHz). Experimental results: (d) open loop (fs = 190 kHz and f, = 200 kHz), (e) open loop (fs = 210 kHz and
fo =200 kHz), (f) closed loop (fs = fo = 200 kHz). Scale: v; (20 V/div), i1 (5 A/div), v, (100 V/div); X-axis: (Time — 1 ps/div).

Vinom - This configuration ensures Vg = V¢* = 0 in closed loop,
and thus, fs = fy is ensured. Practical realization of the pro-
posed technique requires a small voltage V;; to be added with
(Vin — Vi) /2, which is

Vi = teor x Vin (T5/2) (30)

where
teor = tap + 1ty +taeom) +1y) (€29)
—(tecomp + tRED + twidth)- (32)

Gate driver delay and propagation delay of dead-time generation
circuit are denoted by t¢p and ¢, respectively. Delays associ-
ated with MOSFETs are turn-off delay Z;(,) and fall time ¢;.
tcomp and trep are propagation delays of comparator and ris-
ing edge detector used for phase comparison, respectively. Pulse
width of “Read” signal is denoted by tyiq¢n-

VI. RESULTS AND DISCUSSIONS

A model of parallel LLC resonant converter and the proposed
control scheme is developed in MATLAB Simulink. All system
data are listed in Table IV. The experimental prototype to im-
plement the complete analog controller and the power circuit is

200624 16:13:3 e Mormal e I L e e ]
stapped 2w 1 SOOMiE e S0P 13 — SooHS3

Vie N o Ve
" La

T

i -
L el v - ™

Vi

(a) (]

Fig. 11.  Closed-loop performance of the frequency tracking controller under
different load conditions. Experimental results: (a) 50% load, (b) 20% load.
Scale: vy (20 V/div), i1 (5 A/div), v, (100 V/div), Vg, (100 V/div); X-axis:
(Time — 1 ps/div).

fabricated on an impedance-controlled circuit board (PCB) us-
ing planar magnetics. The performance of the ARFT controller
is shown in Figs. 10-13. The resonant frequency f; is at 200
kHz and the converter is operating near rated load with zero
phase overlap (see Fig. 10). When switching frequency, f; =
190 kHz, ¢ leads v; and v, lags v; by an angle less than 90°.
Similarly, when f; = 210 kHz, ¢; lags v; and v, lags v; by an
angle greater than 90°. Whereas ¢; lags v, and v, lags v; exactly
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Fig. 12.  Performance of the frequency tracking controller. Experimental re-
sults: (a) open loop (fs = 200 kHz and f, = 185 kHz), (b) closed loop
(fs = fo = 185 kHz). Scale: v; (20 V/div), i (5 A/div), v, (100 V/div);
X-axis: (Time — 1 ps/div).
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Fig. 13.  Performance of the frequency tracking controller. Experimental re-
sults: (a) open loop (fs = 200 kHz and fy = 208 kHz), (b) closed loop
(fs = fo = 208 kHz). Scale: vy (20 V/div), i1 (5 A/div), v, (100 V/div);
X-axis: (Time — 1 ps/div).

by 90° during closed-loop operation, which supports the anal-
ysis of the previous section. Closed-loop performance of the
ARFT controller under different load conditions is depicted in
Fig. 11, which also shows the output dc bus voltage V.. Now,
the resonant frequency is changed to 185 kHz by increasing the
value of the capacitor C}, and the converter is operated at 30-W
load with an overlap angle of 150°. Open-loop and closed-loop
results are shown in Fig. 12. Similarly, open-loop and closed-
loop results for resonant frequency 208 kHz is shown in Fig. 13
when the converter operates at 80-W load with an overlap an-
gle of 75°. To verify the tracking performance of the ARFT
controller, a variable inductor is emulated. A component of the
series inductor L is varied almost linearly so that the net series
inductance is expressed as

Ls(t) = Ls; (1 + pt)

where Ly, is the initial value of L, and 3 the ramp slope. The
resonant frequency variation under this condition is derived from
(2), (5), and (33) assuming (Ly; + L,) > L, 5t and expressed
as

(33)

Jo(t) = Foi(1 = Bt/2) (34)
where
Fyi = 1/2m\/Lai L, Cy [ (Lsi + Ly). (35)
Defining
Afo(t) = faom = fo(t), AFbi = faom — Foi (36)
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Fig. 14.  Performance of the frequency tracking controller under ramp varia-
tion in resonant frequency. Experimental results: (a) rated load, (b) 20% load.
Scale: A fy (3.58 kHz/div); X-axis: (Time — 10 s/div).

TABLE V
P.U. STEADY-STATE FREQUENCY ERROR

Load Ly Ly; t, €sspu €sspu
condition (H) (nH) (s) (analytical) (experimental)
Rated 25 22.7 20.5 4.1x107* 5x107*
20% load 25 22.7 17.8 8.8x107° 9.3x107°
oo O R e R - S LS

(a) (b)

Fig. 15.  Filter inductor current (a) at 20% load (0.01 A/div), (b) at rated load
(0.05 A/div); X-axis: (Time — 1 ps/div).

where f,om is the predefined base value of the resonant fre-
quency. Equation (34) is rearranged as

Af()(t) = AFOz + ﬂF(),t/Q

Following the same steps as in (14) and (15), the p.u. steady-state
frequency error, egspy, is derived as

Esspu = ﬂ/(2m2k7)

The tracking performance of the ARFT controller is shown in
Fig. 14 for two extreme load conditions, where A f;; denotes the
reference. Analytical and experimental values of ey, is given
in Table V, where L denotes the final value of L, and ¢, is
the duration of ramp. Close agreement of these results validates
the controller design.

The filter inductor currents at rated load (160 W) and at 20%
load conditions are shown in Fig. 15. At low load, peak-to-peak
filter inductor current ripple is 35% of the average current, which
is sufficiently low to validate the approximation of ac resistance
across the tank capacitor. Fig. 16 depicts the tank input current
with and without the dc elimination loop. It is clear that this loop
ensures zero-mean tank input current and removes any chance
of the transformer saturation.

(37)

(38)
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Fig. 16. Performance of dc current elimination loop. Experimental results:
(a) open loop, (b) closed loop. Scale: v; (20 V/div), i1 (2 A/div); X-axis: (Time
— 1 ps/div).

VII. CONCLUSION

This paper presents the detailed analysis, design, and real-
ization of a self-tuning method for resonant converters, with
specific consideration of a three-element, parallel LLC circuit.
The governing equations of the converter are presented along
with its voltage gain and associated resonance/antiresonance
modes. A closed-loop ARFT algorithm is proposed to ensure
self-tuning under parameter variations due to environmental
conditions. The relevant plant model is derived and necessity
of an accurate phase detector is noted. Selection of the most
suitable input variable pair for the phase detector is carried out
through rigorous analysis and the achievable resolution of the
phase detector is derived for a realistic range of circuit non-
idealities. It is emphasized that this analysis is presented in a
general form and applicable for any other resonant converter
topology. Analog circuit realization of the phase detector is pre-
sented in appropriate detail. Analytical predictions regarding
the performance of the ARFT scheme are experimentally vali-
dated by drifting the tank resonant frequency from its initial de-
signed value. This paper, thus, establishes a tractable approach
toward solving the perennial problem of resonance drift in
resonant converters.

APPENDIX A
COEFFICIENTS OF V,, (s)/Vi(s)

a3 = aworcpuLikpu

ay = a(woLigpu +NrepuQowe)

a1 = nNQow¢

by = WyL,CyLigpn

bs = wo(wWiLyCyLikpuTLpu
+aLigpurcopu + Topu + wonQo/ws )

by = wo(1 4 repurLpu + aLigpu) + WiNQoTLpu /wo
+ Qorcpuwe (1 + an)

bi = worrpu + Qowe (L + repurrpn + an)

bo = TLpuQowc.
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where
lepu = le/Lp, TLpu = TL/(WOLs)a TCpu = WOCpTC
n= 1+ Ligpu, wo =1/(1+0a)/L,C,
we = 1/4/(1+a)L,C,.
APPENDIX B
PLANT PARAMETERS
TABLE VI
k Ay tan(éy )
1 \/aLscp(w;+w§)/(“nuwlvl+0) V3 /Y2
2 ~a/(Wi(a+1) —wy /wa
3 VaC, [ (wpu (1 + a)y/I(1+ a)vr) Wa [wy
where
1= W+l
% = (wpuwoz (1 + a)/QO) — Wiy (39)
Y3 = wawg + (wpuw’y(l +a)/Qo). (40)
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