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ABSTRACT

Average Current Mode Control (ACMC) of a Pulse-
Frequency Modulated (PFM) LLC Resonant Converter
considerably improves the dynamic response of the
converter. ACMC also facilitates meeting current
sharing requirements of parallel connected converters.
A good control loop bandwidth is required to meet the
dynamic response specifications and can be achieved
using the ACMC-PFM LLC resonant converter. The
plant transfer functions of the converter are derived
using the Extended Describing Function (EDF), and
appropriate compensators for the current and voltage
control loops are designed. Experimental results
verifying the model and design are presented and
compared with the MATLAB® model results.

INTRODUCTION

In resonant converters, the operating principle is based
on the characteristic gain curve of the resonant tank,
where a change in the switching frequency will either
increase or decrease the gain from the resonant tank.
This results in an effective regulation of output voltage
or current in relation to the load and input voltage
changes. In the LLC resonant converter, the resonant
tank is a set of two inductive elements and one
capacitor (LLC).

The LLC resonant converter has several advantages
over other traditional topologies. A few of them are as
follows:

» LLC resonant converter can operate in both Step-up
and Step-Down modes

» LLC resonant converter accommodates a wide
range of output to input voltage ratios, with a
relatively small frequency modulation range

» Zero Voltage Switching (ZVS) of primary
MOSFETs could be achieved over the entire oper-
ating range and Zero Current Switching (ZCS) of
secondary MOSFETSs could be achieved over a
specific operating range

The primary side of the ACMC-LLC resonant converter
has a half-bridge configuration, and the secondary side
of the transformer has a center-tapped full wave rectifier
and capacitive filter (C). A simple capacitor filter is used
instead of a standard LC filter, thereby reducing the cost,
component count and converter dimensions. The Q;
and Q, MOSFETs are driven in Complementary mode at
50% duty cycle (neglecting dead time). The resonant
tank in the primary side of the converter has three
passive components: magnetizing inductance (L,,),
resonant capacitor (C,) and series resonant inductor (L).

Modeling of the converter and compensator design for
the ACMC-LLC resonant converter has been
performed similar to the VMC-LLC resonant converter.
Refer to AN1477, “Digital Compensator Design for LLC
Resonant Converter” (DS00001477) for more
information.

In order to develop the state-space model for the
ACMC-LLC resonant converter, the linearized plant
model equations are inherited from the equations
derived in the document, AN1477, “Digital Compensator
Design for LLC Resonant Converter”. This application
note describes the mathematical modelling and digital
compensator design for the ACMC-LLC resonant
converter.

Figure 1 illustrates the ACMC-LLC resonant converter.
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FIGURE 1:

SCHEMATIC OF AVERAGE CURRENT MODE CONTROLLED LLC RESONANT CONVERTER

-VE

Q3
- i K
Elr PPN I P Np:Ng:n
A L I S S
'— - 1T - - _| m L] L]
I c2 I s
l— DI A
] D2 } >
AL — .
Ns Q4 l
o
B

|
I
I
I
I
I
I
I
I
I
I
I
cT
I
I
I

MOSFET

Driver
MCP1404E

Voltage
Divider

Low-

Fil

Pass
ter

o LT
BT

w| LOow-Pass
"1 Filter

1

; MOSFET

Driver
Driver €
Transflormers MCP1404E
I

PWM
Output

¢ Current Loop

Compensator

Vref

Voltage Loop
Compensator

ADC

ds PIC33EPXXGSXXX

G6VINV



AN1495

AVERAGE CURRENT MODE
CONTROL VS. VOLTAGE MODE
CONTROL

Current Mode Control (CMC) is a two-loop system,
comprised of an inner current loop and an outer voltage
loop (see Figure 1). The CMC method is widely used in
Pulse-Width Modulation (PWM) converters and has the
following advantages:

» Improved transient response: A CMC converter
can be typically modeled as a first order system.
Hence, it is easier to design a feedback network,
and further, the overall transient response is
improved.

» Improved disturbance rejection: The output of the
constant current converter is nearly independent
of variations in input voltage. This is achieved by a
fast acting inner current loop which tightly controls
the load current.

« Suitability for modular operation: When multiple
converters are paralleled in an input-parallel/
output-parallel combination, a common outer volt-
age feedback loop is sufficient for all paralleled
converters. This configuration automatically
enables equal or weighted load sharing through a
common current reference for the individual inner
current loops. The paralleled converters have the
same control voltage, so there is equal load
sharing.

» Self-protection against overload: The ACMC
converter incorporates overload protection
through the provision of limit checks to the current
reference for the inner current loop.

» Transformer anti-saturation control: The current
threshold control algorithm (inner current loop)
automatically limits the maximum current through
the transformer windings, thereby keeping the
operating point of the transformer near the center
of its B-H curve.

ACMC is implemented by sensing the resonant tank cur-
rent (i, in Figure 1) using a current-sensing network (CT)
and a low-pass filter. This sensed current is fed to the
current loop compensator. The reference to the inner
current loop compensator is obtained from the output of
the outer voltage loop compensator. The output of the
current compensator defines the required operating
frequency to be programmed to the PWM generator
(PTPER register) for controlling the primary side
MOSFETs of the half-bridge.

Plant Transfer Function

The plant transfer functions of the LLC resonant con-
verter are derived using the EDFs. As mentioned in the
“Introduction”, the modeling of the converter and
compensator design for the ACMC-LLC resonant
converter has been performed similar to the VMC-LLC
resonant converter. Refer to the application note,
AN1477, “Digital Compensator Design for LLC Reso-
nant Converter”, for deriving the large signal model of
the LLC resonant converter.

The large signal model of the LLC resonant converter
is provided in Equation 1.

EQUATION 1: LARGE SIGNAL MODEL OF
LLC RESONANT
CONVERTER

di 4ni
_ K . . n° ps
Vog = L“(E + (Dslc) +ri v+ — i—abs(vse)
pp

di anl
_ _ c . . N pe
v, =0= LS(E—(DSZS) +rszc+vc+?l_—abs(vse)

. de
i, = CS(E + msvc)

, ch
[ CS(E _msvs)

1

di an't

ms . _an ps _
Lm( +0)Slmc) = ?i—abs(vse) = Vs
ppP

di an’t
mc . _ an pc _
Lm( dt _mslms) - ?i abs(vse) = Vpe
pp

An equivalent circuit representation of the large signal
model of the LLC resonant converter is illustrated in
Figure 2.
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FIGURE 2:

LARGE SIGNAL MODEL OF LLC RESONANT CONVERTER
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The following variables are used in the large signal
model:

* igand i.: Sine and cosine components of the
resonant inductor current

* i, and i,.: Sine and cosine components of the
magnetizing current

» V,and V,: Sine and cosine components of the
resonant capacitor voltage

» V,and V,.: Sine and cosine components of the
half-bridge output voltage

* ¥, and V,.: Sine and cosine components of the
transformer primary voltage

i,s and i,.: Sine and cosine components of the
transformer primary current
* i, andr: Transformer primary current and DCR of

the resonant inductor

* iy, and J,: Transformer secondary current and
output filter capacitor voltage

» Q, and V,: Steady-state switching frequency and
output voltage

* Crand 7, Output filter capacitor and filter
capacitor Equivalent Series Resistance (ESR)

* Rand I,: Load resistance and load current

The large signal model of the LLC resonant converter,
provided in Equation 1, is perturbed and linearized
about the chosen operating point to obtain small signal
model equations. These equations are used to deter-
mine the plant transfer functions, such as output
voltage-to-switching frequency (G, (s)) and resonant
inductor current-to-switching frequency (G,,(s)) for
ACMC.

The difference between the state-space models of
VMC and ACMC is the presence of an additional output
variable, which is the average inductor current (,) in the
ACMC model.

The perturbation and linearization of the resonant
inductor current are provided in Equation 2.

EQUATION 2: PERTURBATION AND
LINEARIZATION OF
RESONANT INDUCTOR
CURRENT

A 2 I ~ 2 I, o » S
lr,avg = pu > 2’& E > lcz‘]sls"_‘]clc
]Y ]C ]S +]C
Where:
1
S e
17+1]
I
J.= % <
17417

The linearized small signal model of the LLC resonant
converter for ACMC is provided in Equation 3.
Equation 3 incorporates the linearized resonant
current, as derived in Equation 2.
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EQUATION 3: LINEARIZED SMALL SIGNAL MODEL OF LLC RESONANT CONVERTER

by (Morry; (DbstHiy, vg Ty | Tiey ey 1 T2y Ledeg
dt LS S LS c LS s LS ms LS mc LS Cf LS n LS LS sn
d?c _ (QL, - Gip)? (Gic+rs)? 1 b4 Gip? + GiC? Gvcf{/cf_'_ LS(DOIS(I)
= = s c— 7T Ve G T T tme T T sn
dt Ls Ls Ls Ls e Ls Ls Ls
d‘A’s _ 1 ; CSQS{} CSO)O VC&)
— = g ——Ve —
dt C, C C sn
dre 1 G GO
dt CSC C g C sn
dims _ ﬂ; +Ii,; _@; _(Hl-c+LmQS); +chfv2- . _Lmlmcmo 3
dt L, " L, L,™ L, mer L,/ L,
d;mc _ Gip; + Gic;. (Gip_Lsz);. Gic; +Gvcfv‘cf+ LW!IW!S(DO(;)
- T T Tt T 7 _‘msT T ‘'mc — 75 Ysn
a L, L, L, L, L, L,
df/cfz Kisr'cﬁ Kicr'cﬁ _Kisr'c? _Kicr'c? _ r'c {} )
di =Gt G G G RG T

The Output Equation is:
r!
~ A a A ) c\»
vo = K 7 ig+ K, 1hie =K, 7l lpg = K 7o Lo + (r—)vcf
c

i ave = i+ e

Where:
anv., NI 2 2 2
= Mer (Te\pe |, 8n | __-(E)
= g (7) PEREEAAEY K= 2sin(zP
PP
1
) (&)Ipslpc Ky = Vipeos(50)
e b1 rJ g 3
pp K = 2n ]ps
. I
H ,= 4-_n(r_c) k ]ps+1pc
vef A\, ]pp
K, =20 e
ic T 2 2
I +1
ps ' Tpe
G - 4nch (E)]’” ]pc
ip b r/ g 3
pp
2
AnV '\ 1 8n2
o= =20 2 By e
T oy
() b
vef T\, ]pp
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Formation of State-Space Model

State-space representation is a mathematical model of
a physical system as a set of input, output and state
variables, related by first order differential equations.

The state-space representation (known as time domain
approach) provides a convenient and compact way to
model and analyze systems with multiple inputs and
outputs.

The linearized model obtained in Equation 3 is
transformed into the state-space representation. The
state-space model is used to obtain the transfer func-
tions between output voltage and switching frequency
(G,(s)), and between inductor current and switching
frequency (G, (s)).

Equation 4 provides the state-space representation of
the ACMC-LLC resonant converter.

EQUATION 4: STATE-SPACE MODEL OF LLC RESONANT CONVERTER
dx _ »  pn
E = Ax + Bu
y = Cx+Du
Where:

J

3 = | Vo | Outputs
,l\.r, avg
’_ H;, +rg (QL,+H,,) 1
LS LS LS
QsLs B Gip _ Gic T 0
LS LS
1
— 0
C, 0
1 GQ,
A —3 0 = i~
¢ ¢
2 Hic 0
Lm Lm
6, G,
m Lm
KZS rl’ Kic rc' 0
L Cf rC Cf rc
B =

J J 00 0 0

s c

T
x = |:is lc Vs Ve ims Ime Ve :| States of the System

u = [};n or &M} Control Inputs and All Other Disturbance Inputs are Ignored

rV
C = (Kis rc) (Kicr'c) 00 (_Kis rc) (_Kic e ( )

. i Hy
Lg Ly L,
Ls Ls Ls LS
Cst
- — 0 0
Cs
0 0 0 0
0 ) H, +L chf
Lm Lm Lm
0o -Gl G G
L L, L,
0 Kisrvc _ Kic r'c
Crre C RCyr,

[Copl) (@91) 0oV, (047,) (0gl,.) (@gl,,) 0 |

c
rC

0
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From the state-space model in Equation 4, the control-
to-output voltage transfer function (G,.(s)) and the
control-to-inductor current transfer function (G, ,(s)) are
provided in Equation 5, where the control variable is
the PWM switching frequency of an LLC resonant
converter.

EQUATION 5: (G, (s)) AND (G, (5))
TRANSFER FUNCTIONS
{/0/(:)Sn _ C(S]—A)_IB +D = va (S)
i/ don Gio (5)

Equation 5 is solved in order to obtain the G, (s) and
G;,(s) transfer functions.

HARDWARE DESIGN
SPECIFICATIONS

Series Resonant Inductor (L;) = 62 yH
Series Resonant Capacitance (C,) = 9.4 nF
Magnetizing Inductor (Z,,) = 268 yH

Input Voltage (7;,) = 400V (DC)

Output Filter Capacitance (Cp)=5x330 pF
Output Power = 200W

Switching Frequency (f;) = 200 kHz

EQUATION 6:

DC Resistance (DCR) of Resonant Inductor (r,) = 15 mQ
ESR of Output Capacitor (r.) = 15 mQ

Transformer Turns Ration (n) = 17

Secondary MOS Resistor (r;) = 0.725 mQ

Equation 1 provides the MATLAB commands to obtain
the G, (s) and G, (s) transfer functions.

EXAMPLE 1: MATLAB® COMMANDS
sys=ss(A,B,C,D); % arranges the A,B,C,D
matrices into a state-space model
H=tf (sys); % Plant transfer functions

PLANT TRANSFER FUNCTION

After solving Equation 5, using Example 1 with the
hardware design specifications, G;,(s) and G, (s) are
provided in Equation 6 and Equation 7. In resonant
converters, the poles and zeros are the functions of the
normalized switching frequency (@, = @,/ ®,). Where,
@, = switching frequency and @, = resonant frequency.

Equation6 and Equation7 are obtained after
neglecting the poles and zeros above the switching
frequency (@;).

INDUCTOR CURRENT-TO-SWITCHING FREQUENCY TRANSFER FUNCTION

Giw(s) =

0.8715 x (L + 1)

1499

1.3365s

0.2568s

( 2
S
(3.0798 x 10%)° 3.0798 x 10

The General Form of G;,(s):

Giw(s) =

y

2
(1.05x 105 1.05 x 10°

2
[S + N

2 T
(Dpl (Q] p])

2
+1]><[2—+
® p2

S N

(Qz . U)pz)

y

EQUATION 7: OUTPUT VOLTAGE-TO-SWITCHING

FREQUENCY TRANSFER FUNCTION

N

6.4285 x (—5
2367 x 10

+l)x(;—1)

G, (s) =

Vo

1.3365s

( 2
S
(3.0798 x 10%)° 3.0798 x 10*

6.711 x 10°
1}[ 52 , 025685
6.2 6
(1.05%x10%)" 1.05x10

y
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Digital Compensator Design for
ACMC-LLC Resonant Converter

The ACMC-LLC resonant converter control system is
comprised of two loops: an inner current loop and an
outer voltage loop, as illustrated in Figure 3. The inner
current loop directly controls the inductor current. The
output of the inner current loop defines the frequency of
the PWM module to drive the half-bridge MOSFETSs.
The outer voltage loop controls the output voltage by
generating the current reference for the inner current
loop. To ensure stable operation of the multiloop
converter, all the sequential loops in the circuit should
be stable with a sufficient degree of stability.

The digital compensator is designed for the plant
transfer functions, as obtained in Equation 6. For stable
operation of a multiloop control system, the inner
current loop must be faster than the outer voltage loop.

In order to achieve a higher bandwidth for the inner
current loop, and satisfy the gain margin and phase mar-
gin stability requirements, a digital 2-Pole 2-Zero (2P22)
compensator has been chosen. A digital PI compensator
has been chosen for the outer voltage loop.

The digital compensators have been derived using the
design by emulation or digital redesign approach. In
this approach, the compensator is designed in the
continuous time domain and then converted to discrete
time domain using the Bilinear or Tustin transformation.

FIGURE 3: CONTROL LOOP BLOCK DIAGRAM OF ACMC-LLC RESONANT CONVERTER
Pl 2P2Z
* eln] Voltage irer[n] Current | Vel f(t) Inductor ir(t) Voltage-to-Inductor Volt)
Viedn] Compensator Compensator > DPWM " Current—tgl:'lirequency " Current TF ]
e
Vo[n] ch i,—[n] Gci AD Gi(u c':'vi
Current Sensor |
Kapc Low-Pass Filter [
A/D
Voltage Sensor |
Kanc Low-Pass Filter |

Inner Current Loop

The inner current loop compensator is designed to con-
trol the frequency to inductor current transfer function
of the converter (G, (s)). The inner current loop (V,./n])
directly controls the inductor current.

FIGURE 4:
TRANSFER FUNCTION

The output of the inner current loop defines the
frequency of the PWM module output to drive the half-
bridge MOSFETs. The frequency response of
Equation 6 is illustrated in Figure 4.

FREQUENCY RESPONSE OF INDUCTOR CURRENT-TO-SWITCHING FREQUENCY

40 LA T T T T T

Frequency Response (Control-to-Inductor Current (Giw))

Magnitude (dB)

-180

Phase (deg)

-360

SA0 i

10 10 10

10°

Frequency (Hz)
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The control block diagram for the inner current loop,
including the low-pass filter (G.), computation and dig-
ital delay (G, ), digital 2-Pole 2-Zero (2P2Z) (G,;)
compensator and PWM (Gp,,) is illustrated in Figure 5.

FIGURE 5: CONTROL BLOCK DIAGRAM OF INNER CURRENT LOOP
et (]t Guig > Guolay V! 6o EE% G >i(t)
_ Current Sensor + ADC
v [n] G |
A first order low-pass filter (G/.) is provided to filter the EQUATION 9: COMPENSATOR (G_;(s)) IN

resonant tank current using a current transformer or
any other current-sensing network. The low-pass filter
transfer function is provided in Equation 8.

EQUATION 8: CURRENT SENSOR
NETWORK LOW-PASS
FILTER TRANSFER
FUNCTION
1
Grels) = RCrs+ 1)
Where:

LPF Resistor: Rfc: 10Q2
LPF Capacitor: Cy. =2 pF

The inductor current to switching frequency plant transfer
function, provided in Equation 6, consists of a low-
frequency zero and a pair of dominant complex poles.
The low-frequency zero mainly depends on the output
filter capacitor value. The effect of this low-frequency
zero increases gain at high frequency. To compensate for
this effect, a pole (@) is included in the compensator. In
order to minimize the steady-state error, an integrator
(K; )is added to the compensator.

To compensate for reduction in system damping, and
hence, increased overshoots, increased settling time
due to the effect of the complex dominant poles, two
zeros (s+atjpB) and (s+a-jf) are added.

Apart from this, the low-pass current sense filter adds a
pole at comparatively lower frequency, as seen in
Equation 8. The main reason to use a heavy low-pass
filter at current sense is to get an average value from
the rectified sinusoidal tank current of the switching
frequency.

Effectively, the inner current loop control system will
have a 2-Pole 2-Zero in the continuous domain, as pro-
vided in Equation 9. A simple pole/zero placement
method is adopted here for designing the controller.

CONTINUOUS TIME DOMAIN

Kox (1) (1)
(a] (0]

z1 z2

sx(i+1)
©p

Based on the observation of Bode plots of plant and cur-
rent sense filter, the compensator pole, w, (2zf,), is
placed at 24.37k radians/second to compensate for the
effect of plant zero. Two real zeros are included in the
compensator transfer function at locations, w,; = 28.05k
and w,, = 50k radians/second, to provide the necessary
phase lead. K represents the integrator gain of the
compensator and is adjusted to achieve the desired
crossover frequency of the converter. In this analysis,
computation and digital delay, and PWM gain, are
assumed to be unity.

Goi5) =

The desired crossover frequency is f.; in Hz and
w,; = j2xf,; in radians/second. At crossover frequency,
the loop gain of the system should be 0 dB or one in
linear scale. The inner current loop compensator gain
calculation is provided in Equation 10.

EQUATION 10: INNER CURRENT LOOP
COMPENSATOR GAIN
CALCULATION

Giw(s)|s o, X Gci(s)|s co, = 1

The Required Gain of the Compensator is:

1
g)“, x GCi (S) |S = (,0“,

K. . =
Gl

© 2013-2019 Microchip Technology Inc.
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The low-pass current sense filter imposes some
limitation on selection of crossover frequency. The
corner frequency of this filter, based on Equation 8
parameters, is 50k radian/second (~8 kHz). Hence, the
crossover frequency of the inner loop gain is chosen at
5 kHz. The required phase margin of the inner loop
compensator is ~70 degrees to get a better stability
margin. The resulting compensator for achieving a
crossover frequency of ~5 kHz and a phase margin of
70 degrees is provided in Equation 11.

EQUATION 12: INNER CURRENT LOOP GAIN

EQUATION 11: INNER CURRENT LOOP
COMPENSATOR TRANSFER
FUNCTION (G.i(s))

0.13037 x (s + 7.805 x 10*s + 1.4025 x 10°)
s(s +2.437 x 101

Gci(s) =

The inner current loop gain is the product of gains
around the forward path and feedback path of the loop,
as provided in Equation 12. Equation 12 shows how
the addition of a feedback loop modifies the transfer
functions and performance of the inner current loop.

Where:

Gp® = PWM Module Gain

Inner Current Loop Gain = Gre(8) X G (8) X G 014, (8) X Gppp(s) x Gy, (5)

Gelay(s) = Transfer Functions of Transportation Delay

G, (s) = Transfer Function of the Inner Current Loop Compensator
G.(8) = Current Sensor Network Low-Pass Filter

Frequency response of the inner current loop gain in
Equation 12 is illustrated in Figure 6, where the
crossover frequency is ~5 kHz.

FIGURE 6:

FREQUENCY RESPONSE PLOT OF LOOP GAIN (INNER CURRENT LOOP)
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o

Frequency Response (Current Loop Gain)
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The continuous domain, 2-Pole 2-Zero (2P22)
compensator in Equation 11 is converted to z-domain
using the Tustin or Bilinear transformation, where
s =2/T, [(z-1)/(z+1)] with a sampling frequency of
200 kHz. The z-domain compensator transfer function
(G,iq(z)) is provided in Equation 13.

Outer Voltage Loop

The outer voltage loop controls the output voltage (7))
by generating a current reference (/,,.(n)) for the inner
current loop. To ensure stable operation of the multi-
loop converter, all the sequential loops (inner current
loop in this application) in the circuit should be stable
with sufficient stability. The outer voltage loop control

EQUATION 13: INNER CURRENT LOOP tem block di is illustrated in Fi -
COMPENSATOR TRANSFER system block diagram is illustrated in Figure 7.
FUNCTION IN DISCRETE
DOMAIN (G.;;(7)
2
G..,(2) = 0.14722 —0.2436z + 0.09998
z"—1.885z +0.8851
FIGURE 7: CONTROL SYSTEM BLOCK DIAGRAM OF OUTER VOLTAGE LOOP
Outer Voltage Loop Inner Current Loop
lrf ! V, F(t i(t Vot
chd > Gdelay if:[_n]:Q_:" Gcid > Gdelay C[nl Grwm I()V Gio Ir( )— Gvi 0()=
| - | |
| | |
| I Current Sensor I
| | |
I+ [n]
: : ch - :
I [ |
| L _______ R
va -t t
|
From Figure 7, it is clear that the closed-loop transfer EQUATION 15: INDUCTOR CURRENT-TO-
function of the inner current loop is necessary to obtain OUTPUT VOLTAGE
the frequency response of the outer voltage loop. The TRANSFER FUNCTION (G,;(s))
closed-loop transfer function of inner current loop (G;, )
is provided in Equation 14 and this includes the transfer G, .(s) = Gyo(s)
function of the forward path and feedback path. v Gi(s)
N
EQUATION 14: CLOSED-LOOP TRANSFER 79T (2'3 e 1)(6.711 ol )
FUNCTION OF INNER Gi(s) = .
CURRENT LOOP (G, (s)) (755 1)

i,(s)

Gicr(s) = o)

_ G, (s)x Gde[ay(s) X Gpy () x G ()
1+ ch(s) x G () x Gdelay(s) X Gpyp(8) x G (5)

For the outer voltage loop, the plant transfer function
will be the inductor current-to-output voltage transfer
function (G,,(s)), as provided in Equation 15.

A first order low-pass filter has been used for filtering
high-frequency noise from the output voltage
measurement. This filter transfer function is provided in
Equation 16.

EQUATION 16: LOW-PASS FILTER
TRANSFER FUNCTION (Gf(s))

1
(Rp, Cpys+1)

G (s) =

Where:
LPF Resistor: R4, = 1153Q
LPF Capacitor: Cp,=2000 pF

© 2013-2019 Microchip Technology Inc.
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The outer voltage loop gain is the product of gains
around the forward path and feedback path of the loop
and is provided in Equation 17, and this includes the
closed-loop transfer function of the inner current loop.

FIGURE 8:

EQUATION 17: OPEN-LOOP GAIN OF OUTER
VOLTAGE LOOP (G,(s))

Open-Loop Gain of the Outer Voltage Loop:
le(s) = Gdelay(s) X GiCL(S) X Gvi(s)

Open-loop gain of the outer voltage loop frequency
response is illustrated in Figure 8.

FREQUENCY RESPONSE OF OPEN-LOOP GAIN OF OUTER VOLTAGE LOOP

Frequency Response (Open Loop Gain of Voltage Loop)
Gm =37.9dB (at 1.23e+005 Hz), Pm =87.6 deg (at 4.37e+003 Hz)

N
o

N
o
T

Magnitude (dB)
o

N
=)
T

A
=)

A
T

Phase (deg)

AR

o] w O

o w1 o
T

10°

_
(=]

10

Frequency (Hz)

The voltage Pl compensator theoretically produces
infinite gain at DC. As a result, a zero steady-state volt-
age error can be achieved. The proportional gain is
tuned to achieve the desired crossover frequency.

The current compensator nullifies the effect of the
complex dominant poles (@,;), thereby simplifying the
design of the outer voltage loop compensator (G,.,).

The general form of a Pl compensator in continuous
domain is given in Equation 18.

EQUATION 18: OUTER VOLTAGE LOOP PI
COMPENSATOR (G.,(5))

TRANSFER FUNCTION
K, K. (s+o,)
G, (s) = Kp+— R AA—.-4
S S
Where:
K, = Proportional Gain
K; = Integral Gain

K, = Gain of Pl Compensator
®, = Magnitude of Pl Compensator Zero in
Radians/Second
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The desired crossover frequency is f., in Hz and
w., = j2xf,, in radians/second. At crossover frequency,
the loop gain of the system should be 0 dB or one in
linear scale, as provided in Equation19. The
magnitude of G, (s) is calculated by excluding K.,

EQUATION 19: COMPENSATOR GAIN
CALCULATION

le(s)|5=mw>< GCV(S)|S=<D“, =1

The Required Gain of the Compensator is:

1
K =
cv GVI(S)|5=‘9(;X GCV(S)ls:co”,

The Pl compensator zero (w,) is placed at
2500 radians/second to obtain the required phase at a
crossover frequency of ~1 kHz, as provided in
Equation 20.

FIGURE 9: CONVERTER LOOP GAIN

EQUATION 20: COMPENSATOR TRANSFER
FUNCTION (Gy(5))

4.9075(s +2500) _ 4.907s + 1.227¢004

S S

Gey(s) =

The compensated converter loop gain (G,(s)) transfer
function is provided in Equation 21.

EQUATION 21: CONVERTER LOOP GAIN
(Gs(s))

Converter Loop Gain:

G, (s) = va(s) x G, (s) % Gdelay(s) X G ()% G i(s)

The frequency response is illustrated in Figure 9.

Frequency Response (Overall System)
Gm =23.9dB (at 1.28e+004 Hz) , Pm =78.5 deg (at 1.13e+003 Hz)
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Simulation results in Figure 9
crossover frequency of the converter is at 1 kHz.

FIGURE 10: MEASURED LOOP GAIN OF THE CONVERTER

indicate that the

Figure 10 illustrates the measured loop gain obtained
from the network analyzer. The measured crossover
frequency of the converter is very close to 1 kHz,
thereby confirming the model prediction.
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Figure 11 shows the load transient response of the
Average Current Mode Controlled LLC converter. The
load transient test is done from 25% to 75% load
change. Overshoot and settling time are also shown in
Figure 11.

FIGURE 11:

MEASURED LOAD TRANSIENT RESPONSE OF THE CONVERTER
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CONCLUSION

Average Current Mode Controlled (ACMC) Pulse-
Frequency Modulated (PFM) LLC resonant converter
plant transfer function is derived by employing Extended
Describing Functions (EDF). The ACMC-LLC resonant
converter has superior noise immunity, and provides
good dynamic response and current sharing require-
ments of parallel connected converters. A multiloop
digital compensator is designed to meet the specifica-
tions of phase margin, gain margin and bandwidth for
the converter. The hardware results or waveforms are in
conformity to the developed analytical model and also
meet the target specifications.
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LIST OF PARAMETERS

TABLE 1: LIST OF PARAMETERS AND
DESCRIPTION
Parameter Description

Vier Reference output voltage

G., Transfer function of voltage loop
compensator

Gelay Transfer functions of transportation

delay

Lref Reference current

G, Transfer function of the current loop
compensator

Gio Transfer function between output
voltage and switching frequency

Gy Transfer functions between inductor
current and switching frequency

Gy Voltage measurement low-pass filter

G Current measurement low-pass filter

G, Transfer function between output
voltage and inductor current

K, Proportional gain of Pl compensator

K; Integral gain of Pl compensator

K., Gain of outer voltage loop PI
compensator

K, Gain of 2P2Z compensator

i, Resonant inductor current

g Switching frequency

Vo Output voltage

K. Gain of ADC measurement

TF Transfer function
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