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LLC Converter Small Signal Modeling 
Brent McDonald 

Abstract

Control loop modeling of power supplies is essential for efficient optimization of the power supply stability 
requirements as well as meeting key line and load transient performance requirements.  While this is 
obvious to the power supply designer, it is equally obvious that a practical small signal model for the LLC 
converter is glaringly missing from the designer’s tool box. This is compounded by the rise of demanding 
efficiency requirements. In some cases the total efficiency of the power supply must be 96%, while 
maintaining a high power factor and low total harmonic distortion. Requirements like this are putting 
significant pressure on the DC-DC stage to deliver efficiency in excess of 96%. Resonant LLC converters 
are a natural choice due to their ability to achieve these high efficiencies. Unfortunately, the absence of a 
user friendly small signal model has made the topology significantly more difficult to work with.

80 PLUS Certification 115-V Internal Non-redundant 230-V Internal Redundant
% of Rated Load 10% 20% 50% 100% 10% 20% 50% 100%
80 PLUS – 80% 80% 80% N/A
80 PLUS Bronze – 82% 85% 82% – 81% 85% 81%
80 PLUS Silver – 85% 88% 85% – 85% 89% 85%
80 PLUS Gold – 87% 90% 87% – 88% 92% 88%
80 PLUS Platinum – 90% 92% 89% – 90% 94% 91%
80 PLUS Titanium – – – – 90% 94% 96% 91% 

Courtesy: http://www.plugloadsolutions.com/80PlusPowerSupplies.aspx

Table 1 – 80 PLUS certification requirements.

This topic provides the power supply designer with a small signal model for the LLC converter and a 
practical set of tools that enables the application of the model to a wide range of operating conditions. In 
addition, the modeling tools provide the designer with an extensive set of time domain and spectral 
analysis outputs that are extremely useful in understanding the end performance characteristics of their 
design. This model and the associated tools represent a huge addition to the power supply designer’s tool 
box, enabling significant design aid and control loop insight to the LLC converter.

I. Introduction – the LLC 
Converter

Historically, buck-derived topologies have 
dominated the design choices in DC-DC 
converters. These topologies include the buck, 
push-pull, forward, half-bridge, full-bridge, phase-
shifted full-bridge, etc. While it seems that there is 
an endless myriad of variations of this theme, all 
of these circuits fundamentally behave as a buck 
converter. In this context, they all offer an intuitive 
venue for the designer to both understand and 
subsequently derive the appropriate compensation 
for control. In each case the fundamental operation 
of the converter can be understood as a combination 

of switches that generate a high constant-frequency 
square-wave with a variable duty cycle. This 
square-wave is processed by a low pass filter to 
generate a DC output voltage. Since the low pass 
filter is usually composed of an inductor and a 
capacitor, classic small signal modeling techniques 
are employed to generate the model for the 
resulting second-order plant. Control of the output 
voltage is easily achieved by varying the duty 
cycle of the square-wave. This kind of intuition 
and modelling of a buck-converter is not 
extendable to the LLC converter. 

Figure 1 shows a classic ½ bridge LLC 
converter. This converter operates by creating a 
constant duty cycle, variable frequency square 
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wave at the drain of Q2. A band-pass filter 
composed of LR, LK, LM and CR filters the square 
wave. The filter removes both the high and low 
frequency components of the input signal, leaving 
the dominate resonant frequency circulating in the 
tank. Conceptually this waveform is a current that 
is rectified by Q3 and Q4 and dumped into the 
output capacitor CO to create the DC output 
voltage VOUT(t). Modulating the frequency of the 
input square wave at the drain of Q2 controls the 
output. Changes in the operating frequency change 
the impedance of the tank network, allowing the 
tank current to increase at lower frequencies or 
decrease with higher frequencies. The frequency 
dependent nature of the tank enables frequency 
modulation to regulate the output voltage.

State Variable
ILR (t)
ILM (t)
VCR (t)
VCO (t)

Table 2 – State variables.

As an example, the output voltage is derived 
from these values through the following equation. 
The state-variables are highlighted in bold. All 
other variables are either system inputs or 
constants.

The next concept that is critical to this 
discussion is that of converter-states. Simply put, a 
converter-state is a given set of conditions where 
the MOSFETs of Figure 1 are either on or off. 
Since there are 4-MOSFETs in Figure 1 there are a 
total of 16 possible states. In order to simplify this 
discussion, several states are eliminated. For 
example, all states related to Q1 and Q2 being on 
at the same time (or Q3 and Q4) will be ignored 
since they have no practical value to the converter 
and only result in damage to the power supply. In 
addition, the state where Q1 and Q2 are both off is 
also ignored. Although this is a perfectly valid 
operating state, the discussion is easier to follow if 
this is ignored, and as will be shown later, it is not 
necessary in order to achieve reasonably accurate 
results. Table 3 shows a comprehensive list of the 
different states that are discussed in this paper.

State Q1 Q2 Q3 Q4
1 ON OFF OFF ON
2 ON OFF ON OFF
3 ON OFF OFF OFF
4 OFF ON OFF ON
5 OFF ON ON OFF
6 OFF ON OFF OFF

Table 3 – Converter states.

A sequence of the states from Table 3 creates 
an operating mode. There are many different 
possible operating modes constructed from this 
table; however, there are three that are the most 
common in practice. They are: resonance, below-
resonance and above resonance.

 

Transformer

Gate
Drive

Gate
Drive

Gate
Drive

VIN

ILR(t)

ISEC(t)

VCO(t)CO
VOUT(t)

LR

ILM(t)

LK

LM NP

NS

NS

Q1

Q2

VCR(t) CR

Q4

Q3

esr
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Figure 2 shows the first mode – resonance. In 
this mode Q1 and Q2 are turned on and off at a 
frequency equal to the resonant frequency of the 
system:

In this same figure the input voltage is adjusted 
so that when Q1 and Q2 are modulated in this way 

( )π +

1

2 L L CR K R

the DC output voltage is exactly equal to ½ the 
input voltage. Q3 and Q4 have no dead time and 
therefore also operate at exactly 50% duty cycle. 
The net result is there are only 2 states used: 1 and 
5. The operation of those states is highlighted in 
the table shown in Figure 2 as well as on the 
waveforms. Therefore, regulation is achieved by 
oscillating back and forth from state 1 to state 5. 

VIN = 387.6 V 
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State Q1 Q2 Q3 Q4 
1 ON OFF OFF ON 
2 ON OFF ON OFF 
3 ON OFF OFF OFF 
4 OFF ON OFF ON 
5 OFF ON ON OFF 
6 OFF ON OFF OFF 

Mode State Sequence: 1 5 

Figure 2 – Mode – resonance.
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The next mode discussed is below-resonance. 
This is illustrated in Figure 3. In this case the mode 
state sequence is 1→3→5→6. Conceptually the 
operation is similar to that of the resonant-mode.  
States 1 and 5 are identical to those used in the 
previous mode and represent the energy transfer 
mechanism. The difference is states 3 and 6 are 
interleaved into the mode. These additional states 
appear in the mode when ILR(t)=ILM(t). When this 
happens the voltage on the resonant capacitor 

VCR(t) becomes large enough to reverse bias the 
diodes on the secondary. Although Q3 and Q4 are 
MOSFETs, it is important to remember that they 
operate as ideal diodes and therefore shut off when 
their VDS is less than 0 V. Once they shut off, 
current continues to flow through ILR(t). This 
current subsequently results in a larger voltage 
movement on VCR(t). The increased peak-to-peak 
voltage on VCR(t) is what forces the current ILR(t) 
to go to a larger peak value.

 VIN= 370 V 

1 5 6 3 

ILR(t)
ILM(t)

VCR(t)

VOUT(t)

ISEC(t)

LLC Resonant Tank Waveforms

C
ur

re
nt

 (A
)

C
ur

re
nt

 (A
)

Vo
lta

ge
 (V

)
Vo

lta
ge

 (V
)

4
2
0

-2
-4

60

40

20

0

-20

300
250
200
150
100

50
0

12.20
12.15
12.10
12.05
12.00
11.95
11.90
11.85
11.80

0 5 10 15 20 25

0 5 10 15 20 25

0 5 10 15 20 25

Time (µs)

Time (µs)

Time (µs)

Time (µs)

0 5 10 15 20 25

 

Transformer

Gate
Drive

Gate
Drive

Gate
Drive

VIN

ILR(t)

ISEC(t)

VCO(t)CO
VOUT(t)

LR

ILM(t)

LK

LM NP

NS

NS

Q1

Q2

VCR(t) CR

Q4

Q3

esr

State Q1 Q2 Q3 Q4 
1 ON OFF OFF ON 
2 ON OFF ON OFF 
3 ON OFF OFF OFF 
4 OFF ON OFF ON 
5 OFF ON ON OFF 
6 OFF ON OFF OFF 

Mode State Sequence: 1 3 5 6 

Figure 3 – Mode – Below resonance.
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The next mode discussed is above-resonance, 
illustrated in Figure 4. In this case the mode state 
sequence is 1→4→5→2. Like the previous two 
modes, states 1 and 5 are used as the primary 
energy transfer mechanism; however, in this mode, 
states 4 and 2 are also utilized. These two new 
states now allow energy to transfer to the load 

Figure 4 – Mode – Above resonance.

through the opposite synchronous rectifier. This is 
illustrated in the waveform plot in Figure 4 by the 
narrow shaded regions labeled as 4 and 2. As will 
be seen later, this difference in the energy transfer 
mechanism can have dramatic results on the 
overall small-signal response.
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II. The Small Signal             
Modelling Process

Now that all the necessary ground work has 
been laid, the next step is to take the state-variables 
along with the mode and the relevant operating 
states and come up with a way to model the small-
signal dynamics. Figure 5 illustrates the modelling 
process. Essentially, an LLC converter is a non-
linear, time-varying system. That is just a 
complicated way of saying that it is not possible to 
use traditional small signal modeling tools like the 
Bode plot. In order to do this the behavior of the 
actual system is approximated with a system that 
is linear and time-invariant. This, in essence, is the 
goal of the modelling process as illustrated in 
Figure 5.

Figure 5 – The small signal modeling process.

In order to derive a system that is linear, time-
invariant and reasonably accurate the following 
three steps must be completed: 
(1)	Calculate the steady-state operating point
(2)	Average the differential equations of the state-

variables across the different states used in 
each operating mode

(3)	Linearize the result of step (2) at the operating 
point determined in step (1)

In power supplies, either the so-called state-
space-averaging method or circuit averaging 
method, historically, best illustrates the averaging 
process. 

A.	 Averaging

i. State Space Averaging
In order to understand the state-space-

averaging process, consider the simple constant 
frequency, variable duty cycle buck converter 
shown in Figure 6. In this same figure, 3 distinct 
operating states are explicitly drawn. For a system 
operating in continuous conduction mode (CCM) 
only states 2 and 3 are used. The key system 
waveforms are shown in Figure 7. Color is used to 
highlight which state is operable at any given 
time.

Figure 6: Buck converter.
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



= ⋅ + ⋅

= ⋅ + ⋅

State 1:�x(t) A x(t) B u(t)
State 2 :�x(t) A x(t) B u(t)

1 1

2 2

Figure 7: Buck waveforms.

State space averaging works by recognizing 
that each state of the system can be modeled by a 
differential equation. Generalized forms of these 
differential equations are shown here:

State 1 only applies to the system for a portion 
of the operating period. This portion is denoted by 
d(t) in the equations below in Table 4. Likewise 
state 2 applies for the remainder of the period 
(1-d(t)). Applying these percentages to the 
equations and adding the results together produces 
an averaged result. 

Description Equation

Averaged system

Average value of 
the state matrix A
Average value of 
the matrix B
Overall averaged 
system

Output Vector

�� �

��

�

= ⋅ + ⋅

= ⋅ + ⋅ −

= ⋅ + ⋅ −

= ⋅ ⋅ − +
⋅ ⋅ − + ⋅ + ⋅

= ⋅ + ⋅

x(t) A  x(t) B  u(t)

A A  d(t) A   (1 d(t))

B B  d(t) B   (1 d(t))

x(t) d(t)  x(t)  (A A ) d(t)
 u(t)  (B B ) A   x(t) B   u(t)

y(t) C  x(t) D  u(t)

1 2

1 2

1 2
1 2 2 2

ii. Circuit Averaging
Likewise circuit averaging can also be applied 

to achieve similar results as state space averaging. 
In this case instead of averaging the system 
differential equations, the averaging process is 
applied to the “terminals” of a circuit “switch.” 
Figure 8 shows a buck converter with the portion 
of the circuit that is to be averaged highlighted.

 

Figure 8 – Circuit averaging.

The averaging process works by averaging the 
values of I1, I2, V1 and V2 shown in Figure 8.

Figure 9 – Key waveforms for circuit averaging.

Both circuit-averaging and state-space-
averaging work well when the method is able to 
consider only the effects of frequencies much 
lower than the switching frequency (e.g. buck-
derived applications). This same concept cannot 

+
–

S1

S2

L1

C1

R1 IOUT

esr1

V1 V2

I1 I2

I3

Table 4 – State-space averaging equations.
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be easily applied to the LLC converter. This stems 
from the fact that the LLC converter does not 
utilize a low-pass filter as much as it does a band-
pass filter. In the case of a band-pass filter both 
low and high frequencies are rejected; therefore it 
becomes less obvious how to accomplish the 
averaging. Fundamentally, a method is required 
which captures the “average” behavior without 
rejecting the necessary frequency components of 
the system. Section iii describes this process.

iii. Describing Functions
Describing functions are considered as a 

generic way to average the system’s states for each 
mode without losing any critical information 
contained in the system. A describing function 
operates by considering only specific frequency 
content of a given system. Any periodic 
continuous-time waveform can be represented by 
a summation of sine and cosine waves. Figure 10 
illustrates the Fourier series expansion of a square 
wave. In the graph, the first three non-zero 
harmonics are shown. In this case it is the 1ST, 3RD 
and 5TH. If these three waveforms are added 
together the result begins to look like a square 
wave. The original square wave is reproduced to 
an arbitrary degree of accuracy simply by including 
more harmonics. However, in almost all cases, it 
only takes a few harmonics to accurately capture 
the salient features of the system.

Figure 10 – Fourier series.

Figure 11 shows a simple block diagram for a 
non-linear system. If the input to this system is 
excited sinusoidally the output of the system has 
some significant non-linear effects; however, in 
the case of a power supply it also has a dominant 
linear response. This response is illustrated in 
Figure 12.

 

Figure 11 – Basic control system.

A Fourier series expansion applied to the non-
linear output of this system results in a very good 
approximation of the system behavior. Care must 
always be employed in using a method like this in 
that excellent correlation, as is shown in Figure 
12, does not always result. Fortunately for a power 
supply like the LLC converter it almost always 
does.

 

Figure 12 – Describing function method.

Figure 13 applies the Fourier series expansion 
to the actual state-variables of an LLC converter in 
the below-resonance operating mode. The wave 
forms for this mode are shown as well as the 
spectral content of each state-variable. From a 
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practical standpoint, the spectral content is derived 
using the discrete time Fourier transform rather 
than the Fourier series. By examining the 
magnitude of this content a designer can get a feel 
for which harmonics in the system are significant 
and, therefore, must be included in the subsequent 
application of the Fourier series expansion in the 
describing function process. In this case it was 
elected to use the harmonics shown in the figure. 
The resulting model is capable of including an 
arbitrary number of harmonics for each state-
variable; however, this is limited to a more 
practical set that, in the opinion of the author, 
exceeds the requirements suggested by the data. 

Each system state of the LLC converter is 
modeled by a linear system defined by the 
following equations. In this x(t) equation 
represents a vector of the system state-variables. 
For completeness the output vector y(t) is also 
shown.

The actual system response, as has already 
been discussed, is actually non-linear and is 
represented by the following equations:

Figure 13 – Spectral considerations.
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By applying a Fourier series expansion to the 
entire operating mode the following equations 
result: 

xSS(t) is the steady-state value of the state 
variables, Fsk SS and Fck SS  are the sine and cosine 
coefficients of the non-linear function f (x(t), u(t), t) 
in steady state, and k  is the kTH  harmonic of the 
expansion.

B. Linearization
The next step in the small-signal modelling 

process is to linearize the result. Linearization is 
illustrated in Figure 14.

Figure 14 – Linearization.

The x-axis is the input to the system and the 
y-axis is the output. The red line shows an arbitrary, 
non-linear response.  It is necessary to approximate 
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system. Those attributes are:

∑

∫∑

∫∑

= + ⋅ ⋅ ω ⋅ + ⋅ ⋅ ω ⋅

= ⋅ ⋅ + ⋅ ⋅ ⋅ ω ⋅ ⋅

= ⋅ ⋅ + ⋅ ⋅ ⋅ ω ⋅ ⋅

=

∞

=

=

−

−

x (t) X (X  cos(k   t) X  sin(k   t))

F 2
T

  (A  x(t) B   U )  sin(k   t)  dt

F 2
T

  (A  x(t) B   U )  cos(k   t)  dt

ss
0
ss

ck
ss

s
k 1

sk
ss

s

sk
ss

s
i

ss
i 0 sT

T

i 1

Q

ck
ss

s
i

ss
i 0 sT

T

i 1

Q

i 1

i

i 1

i

Mathematically this can be accomplished by 
taking the Taylor series expansion of the function 
for the red-line about its operating point:

Since the describing function applied in the 
previous step was obtained in the form of an 
equation, a Taylor series expansion is directly 
applied to this result.

C. Steady State Operating Point
The last piece of the puzzle required to obtain 

a meaningful result is the steady-state operating 
point. Unfortunately this is also a bit of a challenge 
for the LLC converter. A 2ND order system usually 
approximates a simple buck, boost or buck-boost 
converter well.  Even if it is not 2ND order its 
steady state solution almost always is estimated by 
one. This fact makes it relatively easy to derive the 
steady state solution. The LLC converter is, by 
nature, a 4TH order system and, to-date, this author 
is not aware of a sufficiently accurate way to 
approximate the steady state behavior without 
simulation. Therefore, in order for this model to be 
practical, it is necessary to have a way to quickly 
and accurately calculate this operating point. In 
order to do this the concepts of state-variables, 
states and modes are exploited to come up with a 
simulator that is both very fast and extremely 
accurate. + = +

⋅ ⋅ ⋅
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Figure 16 compares the model with physical 
lab measurements of an actual LLC converter.

Figure 16 – Model vs. measurement.

In both cases the correlation is excellent and 
the results provide substantial evidence to the 
model’s facility to accurately predict the LLC 
plant gain and phase.

IV. Case Study

A.	 Plant Analysis
In this section a discussion of practical 

implications for the LLC converter is discussed as 
well as an illustrative example of how to choose 
the appropriate compensation values and the 
resulting impacts of those choices. To begin, 
consider the LLC plant response shown in Figure 
17.

Each system state in the LLC converter is 
approximated as a linear differential equation. 
Using linear algebra and the matrix-exponential 
function, a closed form solution to the differential 
equations in each state is obtained. Taking the 
final values of the state-variables and making 
them the initial conditions for the subsequent state 
in a given mode obtains a lightning-fast, highly 
accurate simulator. The basic equations for this 
algorithm are shown below:

III. Model Validation

Figures 15 and 16 show two graphs that 
substantiate the accuracy of the resulting model. 
Figure 15 compares the model with an independent 
circuit simulation of an LLC converter with a high 
Q in the resonant tank.

 
Figure 15 – Model vs. circuit simulation.
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Figure 17 – Typical plant characteristics.

For starters, earlier in this paper it was stated 
that the LLC converter is a 4th order system; 
however, Figure 17 also illustrates that the 
dominate plant behavior is still 2nd order. In fact, 
some key information is also extracted from this 
plot that to help determine the numerical values of 
the required compensation. This data is listed in 
Table 5.

Symbol Value Description
G0 85 dB The low frequency gain, sometimes 

called the DC gain.
Q 1.35 The plant quality factor. This is a 

measure of the plant gain a resonance.
fP 4 kHz The plant resonant frequency.

Table 5 – Plant salient features.

B.	 Compensation Objectives
Before discussing any details on how to 

compensate something, it is important to first 
understand the goals of the compensation. At a 
high level there are three fundamental goals: 
stability, reference tracking and disturbance 

rejection. Stability all by itself is trivial. LLC 
converters are open-loop stable so they always 
start out stable. It is only after messing with them 
and doing things to improve the reference tracking 
and disturbance rejection that they become 
difficult to stabilize. Some typical power supply 
stability margins and their associated definitions 
are shown in Table 6.
Symbol and Value Description
φm ≥ 45 ° Phase margin. This is the amount 

of phase change necessary to make 
the system unstable when the gain is 
exactly equal to 0 dB.

gm ≥ 10 dB Gain margin. This is the amount of 
gain change necessary to make the 
system unstable when the phase is 
exactly equal to 0 °.

Table 6 – Stability objectives.

The goal of the compensation then becomes 
how to improve the reference tracking ability of 
the power supply and its corresponding disturbance 
rejection ability without destroying its inherent 
stability. This is a very real problem in that the 
open loop reference tracking and disturbance 
rejection ability are typically terrible.

C.	 Compensation Process
The first thing that needs to be added to the 

system is an integrator in order to achieve ideal 
DC reference tracking. Once done, it will then be 
necessary to adjust the gain and add some 
additional poles and zeros to the system to achieve 
the best disturbance rejection ability possible. One 
metric of a systems ability to reject disturbances is 
the bandwidth. As a starting point consider the 
following compensator:

The    term is required to eliminate the DC 
error and the two zeros are utilized to reduce the 
phase shift caused by the three poles in the system 
to a value that allows us to maintain the stability 
margins shown in Table 6. Graphically this 
compensator is shown in Figure 18. In this case 
the two zeros of the system have been placed at 
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the same locations as the dominant plant poles and 
also utilize the same Q as the plant. The gain G0 is 
also adjusted so that it is easy to see the curves in 
Figure 18.

Figure 18 – Initial compensator.

Table 7 summarizes the initial compensation 
choices for this design. Figure 19 shows the 
resulting behavior.

Symbol Value Description
G0 0 dB The low frequency gain of the 

compensator. Sometimes called the 
DC gain.

Qz 1.35 The compensator zero quality factor. 
fz 4 kHz The position of the compensator’s 

complex zero pair.

Table 7 – Initial compensation choices.
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Figure 19 – Initial compensation choices.

The performance metrics of these compensation 
choices are listed in Table 8.

Symbol Value Descrition
gm 12 dB Gain margin. This is the amount of 

gain change necessary to make the 
system unstable when the phase is 
exactly equal to 0 °.

φm 95 ° Phase margin. This is the amount 
of phase change necessary to make 
the system unstable when the gain is 
exactly equal to 0 dB.

fbw 3 kHz Bandwidth. This is the frequency of 
the system where the gain equals 0 
dB. This is a figure of merit of the 
system’s ability to reject disturbances.

Table 8 – Initial performance metrics.

While these values all meet the required 
stability objectives, adding an extra pole to the 
compensator achieves a significant improvement. 
The new compensator is shown below.
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The values of the compensation parameters 
are summarized in Table 9.

Symbol Value Description
G0 0 dB The low frequency gain of the 

compensator. Sometimes called the 
DC gain.

Qz 1.35 The compensator zero quality factor. 
fz 4 kHz The position of the compensator’s 

complex zero pair.
fp 15 kHz Extra compensator pole

Table 9 – Compensation choices 
with an extra pole.

Figure 20 shows the resulting Bode plot. 

Figure 20 – Bode plot with an extra pole.
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Table 10 summarizes the resulting performance 
metrics for these new compensation choices. 
Notice that there is little to no impact to the φm or 
fbw, however, there is a substantial improvement to 
gm. The relevance of this improvement is shown in 
the subsequent sections.

Symbol Value Description
gm 20 dB Gain margin. This is the amount of 

gain change necessary to make the 
system unstable when the phase is 
exactly equal to 0 °.

φm 90 ° Phase margin. This is the amount 
of phase change necessary to make 
the system unstable when the gain is 
exactly equal to 0 dB.

fbw 3 kHz Bandwidth. This is the frequency of 
the system where the gain equals 0 
dB. This is a figure of merit of the 
system’s ability to reject disturbances.

Table 10 – Performance metrics 
with G0 = 9.5 dB.

D. Performance Considerations
The previous section only focused on 

eliminating the DC error inherent to the LLC 
converter without any serious consideration to 
how well it rejects system disturbances. While fbw 
is a very useful metric, it is inadequate in its ability 
to quantify the benefits of one compensation 
choice versus another. In order to do this the 
closed-loop performance metrics that the system 
engineer cares about must be examined. Classically 
these are the output-impedance and the input-
voltage-transient-rejection capability. The former 
is a measure of the system’s ability to reject 
disturbances caused by load current variations, 
while the latter is a measure of the system’s ability 
to reject input voltage variations.
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i. Output Impedance, ZOUT(s)
Using the compensation choices summarized 

in Table 9 as a starting point, Figure 21 graphs the 
resulting compensation and ZOUT(S).

Three curves are shown in order to illustrate 
the benefit the feedback (i.e. the compensation) 
provides to this transfer function. 

Symbol Description
ZOUT(s), Open Loop This is the open loop output im-

pedance of the converter.
ZOUT(s), Closed 
Loop

This is the closed loop output 
impedance of the converter.

ZC_OUT(s) This is the impedance of the out-
put capacitor bank. It is added as 
an additional metric to justify the 
accuracy of the model.

Table 11 – ZOUT (s) curve descriptions.
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Notice that the feedback provides a 
considerable reduction to ZOUT(s). This 
improvement is most notable at lower frequencies 
where the gain of the system is the largest. Once 
the frequency has crossed 0 dB the ability of the 
compensator to reject disturbances is diminished 
and the three curves converge. 

In an effort to improve the performance, the 
gain of the compensator is increased from 0 dB to 
9.5 dB. The resulting graphs are illustrated in 
Figure 22.

Figure 21 – ZOUT(s), G0 = 0 dB.
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Under this new compensation there is 
considerable improvement, i.e. reduction in 
ZOUT(s). Table 12 summarizes the new stability 
metrics.  Notice that the bandwidth is significantly 
improved without an appreciable degradation in 
the corresponding stability margins.

Frequency (Hz)

Ph
as

e 
(°

)

Compensation ZOUT(s)

Phase

Compensation
Plant
Loop

Open Loop
Closed Loop
ZC_OUT(s)

G
ai

n 
(d

B
)

Im
pe

da
nc

e 
(Ω

)

100

50

0

-50

-100

0.1

0.01

0.001

10-4

10-5

10-6

180

135

90

45

0

-45

-90

-135

-180

10 100 1000 104

10 100 1000 104

Frequency (Hz)

Ph
as

e 
(°

)

Phase
180

135

90

45

0

-45

-90

-135

-180
10 100 1000 104

Frequency (Hz)
10 100 1000 104

Frequency (Hz)

Figure 22 –  ZOUT(s), G0 = 9.5 dB.

Symbol Value Description
gm 15 dB Gain margin. This is the amount of 

gain change necessary to make the 
system unstable when the phase is 
exactly equal to 0 °.

φm 70 ° Phase margin. This is the amount of 
phase change necessary to make the 
system unstable when the gain 
is exactly equal to 0 dB.

fbw 10 kHz Bandwidth. This is the frequency 
of the system where the gain equals 
0 dB. This is a figure of merit of the 
system’s ability to reject 
disturbances.

Table 12 – Performance metrics 
with an extra pole.
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ii. Input Voltage Disturbance Rejection,             
V̂  OUT(s)/ V̂  IN(s)

The process taken in section i is now repeated 
for V̂  OUT(s)/ V̂  IN(s). As before, the compensation 

choices summarized in Table 9 are the starting 
point and Figure 23 graphs the resulting 
compensation and  V̂  OUT(s)/ V̂  IN(s).
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Figure 23 –   V̂  OUT(s)/ V̂  IN(s), G0 = 0 dB.

Figure 24 –   V̂  OUT(s)/ V̂  IN(s), G0 = 9.5 dB.

The feedback, again, provides a considerable reduction in the  V̂  OUT(s)/ V̂  IN(s) transfer function. 
Next, the gain of the compensator is increased from 0 dB to 9.5 dB. The resulting graphs are illustrated 
in Figure 24.

As before, the system now has a greater capability to reject input voltage variations without 
appreciable degradation in the stability margins. 



7-18

To
pi

c 
7

E.	 Plant Variations
In order to finish off the discussion of the 

small signal model, it is valuable to discuss how 
the plant characteristics change with operating 
point. In this context, the operating point includes 
variations in input voltage as well as load. The 
word variation refers only to a shift in the DC 
operating point of the system and not small signal 
amplitude.

Figures 25 and 26 help to illustrate how these 
variations behave. Figure 25 shows two input 
voltages and the corresponding Bode plots for an 
array of different gains. When operating at 370 V 
all the load conditions represent the below-
resonance operating mode. Operation at 400 V 
represents the above-resonance mode.  Likewise 
Figure 26 shows the same kind of trends. In this 
case, two load conditions are considered over a 
range of input voltages. In all cases the solid lines 
represent operation at or below-resonance, while 
the dashed lines are above-resonance.

Operation at or below-resonance appears as a 
second order system. The overall dynamics are 
approximately independent of the load and input 

voltage operating point. This seems to match the 
intuition of the circuit. At resonance the tank is 
thought of as a short circuit, removing any load 
dependence. In addition, when the input voltage 
falls, the system still operates at the resonant 
frequency with dead times between ½ cycles. 
These dead times (i.e. time periods when the 
synchronous rectifiers do not conduct) produce a 
greater variation in the voltage across the resonant 
capacitor which ultimately increases the “gain” of 
the system. Presumably these dead times are what 
give the system its input voltage independent 
appearance. This is also observed in the DC 
operating point curves.

Operation above-resonance results in 
significantly more variation in the Bode plots. 
There is a strong dependence on load. In addition 
it appears that the transition from the resonant 
frequency mode to the above-resonant mode 
results in the system poles splitting from a complex 
pole pair into two real poles. This could be the 
result of the fact that when operating below-
resonance there are two distinct states. There are 
four actually, but two of them are just a mirror 
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Figure 25 – Load variation.
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image of the other two. However, there is only one 
state that transfers energy. When operating above-
resonance there are still only two states (again, 
actually four) but, in this case, both states transfer 
energy. This author suspects that it is the ratio of 
these two modes to the overall energy transfer 
cycle that creates more drastic plot variations.

V. Overview of Key Tools Enabling 
the Practical Use of the New 

Model

The complexity of the new model prohibits 
wide spread use and adoption without some kind 
of aid. Therefore, a set of GUI based tools have 
been developed to make the application of the 
model trivial to a wide variety of operating 
conditions. This tool is packaged with the Fusion 
Digital Power Designer. By doing this, users are 
provided with a turn-key environment to both 
analyze and program their loop coefficients. 

Figure 27 shows a screen shot of the design tab 
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Figure 26 – VIN variation.

of the Fusion Digital Power Designer. For those 
readers not familiar with this tool, it is a turn-key 
environment for working with the UCD based 
digital power products from Texas Instruments. 
The new LLC based tools provide small signal 
modeling support for both half-bridge and full-
bridge LLC configurations as well as an easy-to-
use format that allows users to customize the 
component values used in their application. The 
small signal model automatically analyzes the 
system and determines the operating mode as well 
as the unique operating states used in that mode. 
While this paper only discussed three operating 
modes, this tool is not limited to that.
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Figure 29 – Fusion secondary currents.

VI. Practical Limitations

While great effort has been taken to validate 
the results of the model and the associated outputs, 
there are still some limitations, as one might 
expect from any such model. For starters, a model 
like this is only going to give predictions 
commensurate with the inputs provided. In other 
words, if the input parameters are not correct the 
output cannot be expected to be correct.  On top of 
this there are a few other scenarios where the user 
should exercise caution before trusting the results:
•• Low efficiency scenarios may need additional 
work to achieve proper correlation. At very low 
efficiency the loss terms in the real circuit may 
be large enough that the model does not predict 
the correct behavior. It may be possible to 
compensate for this by increasing the model 
resistance.

•• The model does not support PWM or PSM. The 
model was created with the infrastructure to 
support these modulation methods. Texas 
Instruments is interested in hearing from 
companies and designers who have an interest in 
PWM and PSM modulation methods being 
included in this model.

Figure 27 – Fusion design tab.

In addition to the small signal model discussed, 
the steady state operating point finder also provides 
a wide array of outputs that give the user additional 
insight into the operation of the specific LLC 
converter under consideration. Figures 28 and 29 
show some examples of the kinds of plots that are 
available. If a new component value is selected, 
the Bode plot, associated time domain data, 
frequency domain, states and modes are all 
recalculated and the GUI display is updated in just 
a couple of seconds. This fast accurate response 
makes these tools an incredibly valuable design 
aid to the power supply designer’s tool box. 

Figure 28 – Fusion resonant current.
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•• Corner cases may exist which limit the accuracy 
due to numerical approximations. 

•• Additional work may be required to ensure 
accuracy, especially at higher frequencies.

•• Higher frequency operation may include the 
effects of parasitics that were not considered 
during the original modelling process. 

VII. Conclusions & Future Work

A new set of modelling methods and tools 
have been presented which are capable of 
predicting the small and large signal behavior of 
the LLC converter for virtually any operating 
mode. This tool set provides the design engineer 
with analytical predictions of plant pole zero 
behavior that enables more robust compensation 
as well as the ability to simulate and predict 
parameter variations & extreme operating 
conditions. In addition, it provides independent 
validation of the DC operating point along with 
instant visualization of key system waveforms and 
harmonic content. All of this is provided with 
seamless integration to TI standard isolated digital 
controllers.

This new tool set opens a wide variety of other 
features that can be added into future version of 
the GUI. Among these features are: 
	 •	 DC operating point plots based on time 	
		  domain simulation instead of just the first 
		  harmonic approximation.
	 •	 Performance metric plots like:
			   -	 ZOUT(s) = V̂  OUT(s)/ÎOUT(s)
			   -	 ZIN (s)=V̂  IN(s)/ÎIN(s)
 			   -	V̂  OUT(s)/ V̂  IN(s)
 			   -	 ÎIN(s)/ÎOUT(s)
	 •	 Additional modulation methods:
			   -	 PSM
			   -	 PWM
	 •	 Additional states & modes to include effects 
		  like:
			   -	 Switching transitions
			   -	 Body diode conduction
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