
ABSTRACT 

LI, XIANG. Multi-Loop Control Method Extension from Buck to LLC Resonant Converter. 

(Under the direction of Dr.Wensong Yu). 

 

           In conventional converter close loop control method, single output voltage feedback loop 

is applied. However, it has some drawbacks as limited ability to resist external disturbance and 

limited adaptability to parameter changes etc.  To make system has a fast dynamic response and 

strong anti-disturbance ability, the introduction of current detection and feedback is needed. The 

cascade control with voltage outer loop and current inner loop makes the most common used 

multi-loop control structure. The multi-loop control method with inner current loop can realize 

short circuit overcurrent protection; tight current regulation; ample bandwidths adjustment. It 

further improves the control performance over a wide range of operating conditions.  

         Nowadays, LLC resonant converter has received more attention in industrial applications 

due to its high efficiency and power density. However, traditional averaging techniques and 

control method employed in pulse width modulation converters cannot be directly employed to 

LLC resonant converter due to the complex nonlinear model. This dissertation proposes a 

simulation-based method to extend multi-loop control which is originally applied for Buck to 

LLC converter. This method uses AC Sweep in PSIM simulation to get the small signal response 

of the converter. It provides a view of the general transfer function from control signal to current 

and voltage feedback, based on which, a double closed-loop PI controller is proposed. The new 

multiloop control method shares the same control structure with Buck but can eliminated the 

nonlinear characteristics of the LLC resonant converter caused by the variable frequency control. 

By demonstrating the function of pulse width modulator and variable frequency modulator; DC 

current feedback and rectified AC current feedback; control signal limitation of LLC; general 

transfer function from control signal to output current feedback, this dissertation shows the 



differences of the extended control method with the conventional method. The design processor 

of PI controller is also shown to further explain the extended control strategy. 

         Simulation and hardware experimental results of 700/550 V-6.6kW LLC converter 

laboratory prototype is used to validate that the proposed double loop control scheme with PI 

controller implemented in LLC hardware has the benefit of good dynamic response and high 

efficiency. For current 6-9A step up procedure under 620V/6A condition, the rise time is 

observed as 64.4 us, indicating the inner loop bandwidth is 7764Hz; for voltage 620-700V step 

up procedure, the rise time is observed as 0.623ms, indicating the dual loop bandwidth is 802Hz. 

Under normalized working condition 550V/6.6kW power output. The LLC converter has a high 

efficiency of 97.48%. Experimental results verify the effectiveness of the proposed control 

strategy. And the proposed controller and modeling method can also be used for other resonant 

converters. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

© Copyright 2022 by Xiang Li 

All Rights Reserved



Multi-Loop Control Method Extension from Buck to LLC Resonant Converter 

 

 

 

 

by 

Xiang Li  

 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

 

Electrical Engineering 

 

 

 

Raleigh, North Carolina 

2022 

 

 

 

APPROVED BY: 

 

 

 

_______________________________ 

Dr. Wensong Yu  

Committee Chair 

 

 

_______________________________                       _______________________________ 

                 Dr. Srdjan Lukic                                         Dr. Zeljko Pantic 



 

ii 

 

DEDICATION 

To my great parents, Binghan Li and Weizheng. 

I dedicate this thesis to my family for their endless support 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

BIOGRAPHY 

Xiang Li was born in Xi’an Shaanxi, P.R.China in 1996. He obtained bachelor’s degree 

of Electrical Engineering from Huazhong University of Science&Technology, Wuhan, 

P.R.China in 2019. Then he joined North Carolina State University as a master student in 

Electrical Engineering. Now he is pursuing Master’s degree under Dr.Wensong Yu. 



 

iv 

 

ACKNOWLEDGMENTS 

Thanks to Dr.Wensong Yu’s great thoughts in the cutting-edge power electronics 

technology which inspired me to think harder and deeper. Thanks to Dr. Wensong Yu and his 

PhD student Dakai Wang for prompt and kind guidance on the research road. And thanks Dr. 

Srdjan Lukic and Dr.Zeljko Pantic to be my committee member. 

Thanks to all my friends and best wishes to all. 

    



 

v 

 

TABLE OF CONTENTS    

LIST OF TABLES ......................................................................................................................  vi 

LIST OF FIGURES .................................................................................................................... vii 

CHAPTER 1 MULTI-LOOP CONTROL METHOD OF BUCK CONVERTER ........... ...1 

1.1 Thesis motivation and organization ..............................................................................  1 

    1.1.1 Why multi-loop/ why not single loop of PID ..................................................  2 

    1.1.2 Thesis Organization .........................................................................................  3 

        1.2 Building blocks and modeling of multi-loop control for Buck converter ....................  4 

        1.3 Dual loop design procedures of Buck converter ...........................................................  7 

CHAPTER 2 KEY DIFFERENT BUILDING BLOCKS FROM BUCK TO LLC........ ... 15 

2.1 From pulse width modulator to variable frequency modulator .................................... 19 

2.2 From DC current feedback to rectified AC current feedback ....................................... 23 

2.3 Control signal limitation from Buck to LLC ................................................................ 24 

2.4 General transfer function from control signal to output current feedback .................... 27 

2.5 Inner current loop design from buck to LLC ................................................................ 28 

2.6 Outer voltage loop design from buck to LLC ............................................................... 34 

CHAPTER 3 SIMULATION AND TESTING OF MULTI-LOOP CONTROL ........... ....38 

        3.1 Buck converter hardware and digital controller............................................................ 38 

        3.2 Simulation results for dual-looped controlled Buck ..................................................... 39 

        3.3 LLC resonant converter hardware and digital controller  ............................................. 42 

        3.4 Simulation results and testing results for dual-looped controlled LLC ........................ 43 

CHAPTER 4 CONCLUSION AND FUTURE WORKS ...................................................... 49 

REFERENCES .......................................................................................................................... 50 

APPENDICES ........................................................................................................................... 52 

        Appendix A       CCS Studio Control Code for Buck ......................................................... 53 

        Appendix B       Control Code for LLC Converter ............................................................. 56 



 

vi 

 

LIST OF TABLES 

Table 1 Canonical circuit parameter values for Buck converter ............................................. 6 

Table 2 Parameter of LLC converter in operation condition ................................................ 29 

Table 3       Controller behavior of tested Buck ........................................................................... 41   

Table 4 Controller behavior of tested LLC Converter .......................................................... 45 

 



 

vii 

 

LIST OF FIGURES 

Figure 1.1   Control block diagram ................................................................................................ 2 

Figure 1.2   Small-signal converter model[8] .................................................................................. 4 

Figure 1.3   Simulation schematics of Buck converter example.................................................... 5 

Figure 1.4   Current control loop schematics of Buck converter example .................................... 6 

Figure 1.5   AC Sweep Probes ....................................................................................................... 9 

Figure 1.6   Current open loop control scheme (without compensator) ........................................ 9 

Figure 1.7   Open loop frequency response (current loop) without compensator-Buck .............. 10 

Figure 1.8   Open loop frequency response (current loop) with compensator-Buck ................... 11 

Figure 1.9   Open loop frequency response (voltage loop) without compensator-Buck ............. 12 

Figure 1.10 Dual-loop control scheme with compensator-Buck ................................................. 13 

Figure 1.11 Open voltage loop frequency response with compensator-Buck ............................. 14 

Figure 1.12 Time‐domain simulation of control loop in Buck converter example ..................... 14 

Figure 2.1   Circuit diagram of an LLC resonant converter[9] ..................................................... 16 

Figure 2.2   Conversion stages and subsystems in an LLC resonant converter ........................... 17 

Figure 2.3   Equivalent circuit diagrams of ac subsystem ........................................................... 17 

Figure 2.4   Simplified equivalent circuit diagrams of an LLC resonant .................................... 18 

Figure 2.5   Simplified pulse-width modulator circuit ................................................................. 19 

Figure 2.6   Waveforms of pulse-width modulator circuit........................................................... 20 

Figure 2.7   Frequency variable modulator (analog model) ......................................................... 21 

Figure 2.8   Frequency variable modulator (digital model) ......................................................... 21 

Figure 2.9   Signal waveforms of variable modulator (analog model) ........................................ 22 

Figure 2.10 Different sample points of LLC converter example ................................................. 23 

Figure 2.11 Sampled signal waveforms of LLC .......................................................................... 24 

Figure 2.12 Voltage gain versus the switching frequency ........................................................... 25 

Figure 2.13 Series step response to determine control signal range limitation ........................... 26 

Figure 2.14 Control signal injection and output part in simulation ............................................. 27 

Figure 2.15 Full-bridge LLC converter circuit schematic with dual-loop controller[10] .............. 28 

Figure 2.16 Full-bridge LLC converter circuit schematic in PSIM simulation ........................... 28 

Figure 2.17 700V/550V 6.6kW Gain versus frequency curve ..................................................... 29 

Figure 2.18 700V/850V 6.6kW Gain versus frequency curve ..................................................... 30 

Figure 2.19 Current loop control scheme (with compensator)-LLC ........................................... 31 

Figure 2.20 Current open loop frequency response without compensator-LLC ......................... 32 

Figure 2.21 Current open loop frequency response with compensator-LLC............................... 33 

Figure 2.22 Dual-loop control scheme in PSIM simulation-LLC ............................................... 34 

Figure 2.23 Voltage open loop response without compensator-LLC .......................................... 35 

Figure 2.24 Voltage open loop response with compensator-LLC ............................................... 36 

Figure 2.25 Time‐domain simulation of LLC converter control loop ......................................... 36 

Figure 2.26 Zoom in view of time‐domain simulation of LLC converter ................................... 37 

Figure 3.1   Buck converter hardware schematic ......................................................................... 38 

Figure 3.2 (a) Buck converter hardware ...................................................................................... 38 

Figure 3.2 (b) Buck converter hardware ...................................................................................... 39 

Figure 3.3   PSIM simulation schematics of Buck converter under test ...................................... 39 

Figure 3.4   Bode plot of current loop gain transfer function-Buck ............................................ 40 

Figure 3.5   Bode plot of voltage loop gain transfer function-Buck ............................................ 40 



 

viii 

 

Figure 3.6   Voltage loop step-up process—Buck ....................................................................... 41 

Figure 3.7   Current loop step-up dynamic process—Buck ......................................................... 42 

Figure 3.8 (a) LLC converter hardware ....................................................................................... 42 

Figure 3.8 (b) LLC converter hardware ....................................................................................... 43 

Figure 3.9   PSIM simulation schematics of LLC converter under test ....................................... 43 

Figure 3.10 Bode plot of current control loop in tested LLC converter ...................................... 44 

Figure 3.11 Bode plot of voltage control loop in tested LLC converter ...................................... 44 

Figure 3.12 Steady State Simulation Result of LLC Controller .................................................. 45 

Figure 3.13 Current Step-up Dynamic Response of Inner Loop LLC ......................................... 46 

Figure 3.14 Voltage Step-up Dynamic Response of Outer Loop LLC ........................................ 47 

Figure 3.15(a)Testing Result at Steady State of LLC .................................................................. 47 

Figure 3.15(b)Testing Result at Steady State of LLC.................................................................. 48 

 

 

 

 

 

 

 

 

 

 

     

 



   

1 

 

CHAPTER 1 

MULTI-LOOP CONTROL METHOD OF BUCK CONVERTER 

1.1 Thesis motivation and organization 

LLC resonant converters have gained popularity in a wide number of industrial applications due 

to their high efficiency and power density. Common applications of these converters require tight 

output voltage regulations. However, traditional averaging techniques employed in pulse width 

modulation converters cannot be employed for LLC. Consequently, designing linear controllers 

for these types of converters requires complex analysis or applying empirical methods. In the 

past, several methods were tried to solve this problem. Small signal models of the LLC 

converters are built in [1] and [2], based on the extended describing function (EDF) method.  

 

However, these small signal models cannot be used when the converter operation condition 

varies. These models limit the dynamic performance of most operation conditions. The large 

signal models have been proposed for the LLC converter in [3]– [4]. These models provide 

enough dynamic information of the LLC converter when large signal transient disturbance 

occurs. But these models are still nonlinear making the control design difficult. Linear 

controllers like PI based on small signal model calculation are applied in the LLC converter to 

achieve expected performance. Due to the limitations of small signal models, these controllers 

are only valid near the operation point. To solve that, some nonlinear control methods are 

proposed like sliding-mode control [5] bang-bang control[6] and robust control[7] . They have 

strong robustness against parameter uncertainties and load variations. But the performance is still 

undesirable compared to the linear compensation.  
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These mathematical models based on simplified converter model faces some common problems 

to be further resolved, which is: complexity of the theory, narrow application range, and 

insufficient calculation accuracy. Thus, in this dissertation, a PSIM simulation-based method is 

proposed. Based on time domain switching model simulation, which is a necessary for every 

converter design, this method use simulation tool to get the small signal response of the 

converter. The method could be used to any periodical operating converter and any working 

condition of LLC. Also, the impact of parasitic could also be easily included into this method. To 

perform this analysis, only the switching model of the converter is needed, there is no other 

model needed, which makes this method very attractive. 

1.1.1Why multi-loop/ why not single loop of PI 

In a power supply using capacitor voltage as output, the voltage is changed by changing the 

current injected into the capacitor, and the current is the main limiting parameter of the switching 

device.  A traditional single close-loop voltage control will result in instantaneous output current 

overload when load changes abruptly. Short circuit overcurrent will damage the switching device 

and cause huge power loss. 

Dual loop control is the most widely used and most practical control methods. The application of 

dual-loop schemes enables significant advantages. Those advantages include tight current 

regulation, short circuit overcurrent protection, and ample bandwidth which makes system has a 

fast dynamic response and strong anti-disturbance ability. The existing of inner current loop with 

a current instruction limitation avoids short circuit overcurrent and ensures the switching device 

operates within a safe range. 
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The successful application of decoupled dual loop control structure has the assumption that the 

change of DC voltage has no effect on the AC current. In other words, the output voltage 

changes much more slowly compared to the current change. It can be assumed that the DC 

voltage is basically unchanged during the dynamic change of the current. To realized that we 

need to adjust the bandwidth of inner current loop to make it much wider than outer voltage loop. 

 

1.1.2 Thesis Organization 

 

Chapter 1 shows the small signal model of Buck converter and explain the functions of building 

blocks in dual close loop control method for Buck converter. The conventional control method is 

further explained in the controller design example. 

Chapter 2 firstly introduce fundamental harmonic approximation (FHA) and steady-state models 

to provide good insights into the converter, then compares the similarity and difference of key 

different building blocks in Buck/LLC multi-loop control structure. Lastly, showing the LLC 

controller design steps, the proposed control strategy for LLC resonant converter is presented.  

Chapter 3 finally demonstrate the simulation and experimental results of 700/550V 6.6KW LLC 

to validate the effectiveness of the proposed method. 

Chapter 4 draws the conclusion and future works is discussed. 
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1.2 Building blocks and Modeling of Multi-loop Control for Buck Converter 

Figure 1.1 Control block diagram 

A block diagram of a dual-loop feedback system in buck is shown in Fig 1.1.The output voltage 

𝑣𝑜 and inductance current is measured, using a “sensor” with sensor gain expressed as 

𝐾𝑠𝑒𝑛_𝑣(𝑠)  and  𝐾𝑠𝑒𝑛_𝑖(𝑠). For inner current loop, the sensor output signal )()(_ sIsiKsen L is 

compared with the reference inductance current 𝐼𝐿𝑟𝑒𝑓(𝑠). 𝐼𝐿(𝑠) is the sensed inductor current. 

The objective is to make )()(_ sIsiKsen L  closely follow LrefI regardless of disturbances or 

component variations in the converter power stage. After the inner loop is designed, the next step 

is outer current loop. Similarly, the sensor output signal )()(_ sVsvKsen o is compared with a 

reference output voltage to see if the output follows the reference voltage well. 

For a successful design of multi-loop control for Buck converter, the first step is to figure out the 

building blocks of the system and have a good understanding of the function of each block. 

Building blocks: 

• Voltage/ Current Controller GiGv,  (PI controller),  

• Pulse Width Modulator (PWM),  

• Power Plant equivalent model (𝐻𝑖)  

• Sensor (𝐾𝑠𝑒𝑛) 
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Here, for the sensor design, in the software simulation, we use low pass filter in current feedback 

loop and a constant value in out voltage feedback loop. In practical, the sensor circuit is usually a 

voltage divider, comprised of precision resistors. The function of each block and math 

expression of them will be mentioned in the design steps in 1.3.  

Small signal model of Buck converter 

Figure 1.2 Small-signal converter model [8]    

The physical elements of the canonical circuit model are collected. The converter contains a 

power input port 𝑣𝑔(𝑡) and a control input port 𝑑(𝑡), and load voltage is 𝑣(𝑡). As illustrated in 

Fig 1.2, we have modeled this property with an ideal dc transformer, having effective turns ratio 

1: M(D) where M is the conversion ratio. This conversion ratio is a function of the quiescent 

duty cycle D. The converter must also contain reactive elements that filter the switching 

harmonics and transfer energy between the power input and power output ports. Since it is 

desired that the output switching ripple is small, the reactive elements should comprise a low-

pass filter which has a cutoff frequency well below the switching frequency. This low-pass filter 

characteristic affects how ac line voltage variations influence the output voltage. The effective 

filter also influences other properties of the converter, such as the small-signal input and output 

impedances. In general, the element values, transfer function, and terminal impedances of the 

effective low-pass filter can vary with quiescent operating point. Control input variations, 
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specifically, duty cycle variations also induce ac variations in the converter voltages and 

currents. Hence, the model should contain voltage and current sources driven by duty cycle 

variations. It is possible to manipulate the model such that all the duty cycle variations sources 

are pushed to the input side of the equivalent circuit, in the process, the sources may become 

frequency dependent. Figure 1.2 is the complete canonical circuit, which can model any PWM 

CCM dc–dc converter. 

Canonical Circuit Parameter Values for Buck Converter 

Table 1： Canonical circuit parameter Values for Buck converter 

Converter Type 𝑀(𝐷) 𝑒(𝑠) j(s) Le 

Buck D V

D2
 

V

R
 

L 

For ideal PWM dc–dc converters containing a single inductor and capacitor working in continues 

current mode, the effective low-pass filter of the canonical model should contain a single 

inductor and a single capacitor. The canonical model of Buck is shown in Fig 1.2. It is assumed 

that the capacitor is connected directly across the load. The parameter values for the basic buck 

are collected in Table 1.1. The model of Fig 1.2 can be solved using conventional linear circuit 

analysis, to find quantities of interest such as the converter transfer functions, input impedance, 

and output impedance. 
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1.3 Dual loop design procedures of Buck converter 

Figure 1.3 Simulation schematics of Buck converter example 

 

Operating conditions  

𝑉𝑖𝑛 =  100 𝑉     𝑉𝑜 =  24 𝑉 

 𝐿1 =  100 µ𝐻  𝐶1 = 100 µ𝐹  𝑅1 =  5.76 𝑂ℎ𝑚  

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑠𝑒𝑛𝑠𝑜𝑟𝑠:  𝑘𝑠𝑒𝑛_𝑣 =  1,   𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑠𝑒𝑛𝑠𝑜𝑟𝑠:  𝑘𝑠𝑒𝑛_𝑖 =  1,  

𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦: 𝑓𝑠𝑤 = 100𝑘𝐻𝑧   

Figure 1.4 Current-loop Control scheme (with compensator)-Buck  

The buck converter with the inner current control loop is shown above in Figure 1.3 and 1.4. The 

sampled and sensed variable is inductance current.   
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How AC Sweep Works 

The principle of the ac analysis is that a small ac excitation signal is injected into the system as 

the perturbation, and the signal at the same frequency is extracted at the output. To obtain 

accurate ac analysis results, the excitation source amplitude must be set properly. We use “AC 

sweep” (Vsweep1) to get the loop gain transfer function of the plant. 

 

To investigate the control to output characteristic, a perturbation will be added to the control 

voltage as shown in Figure 1.4. This perturbation will be a small amplitude sinusoidal signal. 

The amplitude is small so that the converter operation modes will not change with perturbation 

added. The impact of the injected perturbation on output variable could be derived. This will 

give us the small signal characteristic of the converter at one perturbation frequency. Repeat 

above steps for the frequency range interested, and extend to wide range frequency domain, a 

complete small signal characteristic at given operating condition could be extracted. The PSIM 

software could do the complete sweeping of frequency and operating condition as set. It also  

performs the extraction of small signal characteristic after each simulation.  

 

Two ac sweep probes are provided: AC Sweep Probe with one node, and AC Sweep Probe 

(loop) with two nodes, as shown below. The AC Sweep Probe is used to measure the response of 

the node-to-ground voltage with respect to the excitation source. The AC Sweep Probe (loop) is 

used to measure the response of a closed loop. 
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Figure 1.5 AC Sweep Probes 

Current Loop Design Steps: 

1. Define the plant transfer function           𝐻𝑖(𝑠) =
𝐼𝐿

𝑉𝑜 
                                                              (1.1) 

2. This expression is obtained from derivation of formula                                   

                                                                              𝐻𝑖(𝑠) =
1

𝑠𝐿1
                                                            (1.2) 

3.Define PWM gain with 𝑉𝑐𝑎𝑟𝑟𝑖𝑒𝑟= 1  

                                                                         𝐾𝑝𝑤𝑚= 
𝑉𝑖𝑛

𝑉𝑐𝑎𝑟𝑟𝑖𝑒𝑟
                                                 (1.3)                 

4.Get open loop frequency response (Open loop transfer function without compensator):  

Seen in Figure 1.3 and 1.6, an excitation source is injected to the modulation signal, and the 

inductor current which can be calculated by measuring the output voltage of a sampling circuit. 

We can obtain the loop transfer function directly. The result of the ac analysis with the form of 

bode plot in Figure 1.7, shows the open-loop response of the inductor current versus the 

modulation signal, based on which we can set the PI controller parameter for outer voltage loop 

design.   

Figure 1.6 Current open loop control scheme (without compensator) 
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Figure 1.7 Open loop frequency response (current loop) without compensator-Buck 

5. Obtain the current loop transfer function 𝑇𝑖𝑙𝑜𝑜𝑝 which is equal to 

 𝐻𝑖(𝑠) ∙ 𝐺𝑖(𝑠), multiplied by the rest of the gains in the circuit.  

                                                   𝑇𝑖𝑙𝑜𝑜𝑝(𝑠) = 𝐻𝑖(𝑠) ∙ 𝐺𝑖(𝑠) ∙ 𝐾𝑝𝑤𝑚 ∙ 𝐾𝑠𝑒𝑛_𝑖                            (1.4)                

Gi(s) is the transfer function of PI controller for current loop.  

                                                             𝐺𝑖 =  𝐾𝑝𝑖𝑖 ∙
(1+𝑠∗𝑇𝑝𝑖𝑖) 

(𝑠∗𝑇𝑝𝑖𝑖)
                                                         (1.5) 

5. Use AC sweep to get the inner loop transfer function (loop gain bode plot with controller):  

By injecting the excitation signal into the current feedback path seen in Figure 1.4 and using the 

node-to-node ac sweep probe, we can obtain the loop gain transfer function which can be directly 

observed in bode plot shown in Figure 1.8. With the loop gain transfer function, one can 

determine the bandwidth of the control loop and the phase margin. 
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With a switching frequency of 100kHz, set the desired gain‐cross‐over frequency at  

10kHz and the phase margin at 52 deg. Through trial‐and error adjustment based on loop gain 

bode plot without controller, we first adjust 

𝑇𝑝𝑖𝑖 manually until the phase margin is 52 deg. Then adjust 𝐾𝑝𝑖𝑖until the loop transfer function a

mplitude is 1.  

Figure 1.8 Open loop frequency response (current loop) with compensator-Buck 

From the procedure above, we obtain:  𝐾𝑝𝑖𝑖 = 0.065,  and 𝑇𝑝𝑖𝑖 = 50𝑢. Figure 1.8 shows 

the loop gain bode plots of 𝑇𝑖𝑙𝑜𝑜𝑝(𝑠). The bode plots shows that the current loop has the desired  

gain‐cross‐over frequency and phase margin 

 

Voltage Loop Design Steps: 

After the current loop is designed, we can proceed to design the voltage loop. Here are the steps. 

1.Define the plant transfer function             𝐻𝑣(𝑠) =
𝑉𝑜 

 𝐼𝐿
                                                           (1.6)              

This expression is obtained from derivation            
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                                                                           𝐻𝑣(𝑠) =
𝑅1

𝑅1𝐶1𝑠+1
                                                      (1.7) 

2. Define current closed loop transfer function Tic_loop   

                                                        𝑇𝑖𝑐𝑙𝑜𝑜𝑝(𝑠) =
1

𝑘𝑠𝑒𝑛_𝑖
∙

𝑇𝑖𝑙𝑜𝑜𝑝(𝑠)

1+𝑇𝑖𝑙𝑜𝑜𝑝(𝑠)
                                          (1.8) 

The voltage loop transfer function   

 

                                         𝑇𝑣𝑙𝑜𝑜𝑝(𝑠) = 𝐻𝑣(𝑠) ∙ 𝐺𝑣(𝑠) ∙ 𝑘𝑠𝑒𝑛𝑣 ∙ 𝑇𝑖𝑐𝑙𝑜𝑜𝑝                                   (1.9) 

𝐺𝑣(𝑠)is the transfer function of PI controller for current loop 

𝐺𝑣(𝑠)  =  𝐾𝑝𝑖𝑣 ∙
(1+𝑠∗𝑇𝑝𝑖𝑣) 

(𝑠∗𝑇𝑝𝑖𝑣)
                                                  (1.10) 

The closed loop transfer function of the current loop 𝑇𝑖𝑐𝑙𝑜𝑜𝑝(𝑠) is obtained 

and is used for the design of the outer voltage loop.  

3. For controller design reference, we can use AC Sweep to obtain open loop response of output 

voltage versus the modulation signal (bode plot of transfer function without compensator) seen 

in Figure 1.9, based on which we can set the PI controller parameter for outer voltage loop 

design.   

Figure 1.9 Voltage open loop frequency response without compensator-Buck 
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4. Use AC sweep to get the outer loop transfer function (with compensator):  

By injecting the excitation signal into the voltage feedback path seen in Figure 1.10 and using 

the node-to-node ac sweep probe, we can obtain voltage loop transfer function. It can be directly 

observed in bode plot shown in Figure1.11. With the voltage loop transfer function, one can 

determine the bandwidth of the control loop and the phase margin.  

 

Set the desired gain‐cross‐over frequency at 1000Hz and the phase margin at 58 deg for 

voltage loop. The process of designing the voltage PI parameters is similar with the design of 

the current loop. That is, according to open loop response without compensator, through trial‐and 

error, adjust 𝑇𝑝𝑖𝑣 until the phase margin is 58 deg. Then adjust 𝐾𝑝𝑖𝑣 until the gain 𝑇𝑣𝑙𝑜𝑜𝑝  

amp is 1.  

 

We obtain: 𝐾𝑝𝑖𝑣=1.14, and 𝑇𝑝𝑖𝑣=160u. Figure 1.11 shows the loop gain bode plots of 

𝑇𝑣𝑙𝑜𝑜𝑝(𝑠). The Bode plots show that the outer voltage loop has the desired  

gain‐cross‐over frequency and phase margin. 

Figure 1.10 Dual-loop control scheme (with compensator)-Buck 
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Figure 1.11 Open voltage loop frequency response with compensator-Buck 

Using the well-designed PI parameters, we can perform the time domain simulation. The current  

waveform is shown below in Figure 1.12. The waveform shows the desired steady 

state response.  

Figure 1.12 Time‐domain simulation of control loop in Buck converter example 
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CHAPTER 2 

 KEY DIFFERENT BUILDING BLOCKS FROM BUCK TO LLC  

 

 

DC/DC converters have been widely used in a variety of applications for many years, such as 

telecommunications equipment, power supply of computer, adapter of laptop, and DC motor 

drivers. Nowadays, dc/dc converts are being employed for renewable energy applications. To 

catch up with and move ahead of the trend, higher switching frequency, higher efficiency and 

advanced packaging are the paths we are taking now. Within all these issues, a topology capable 

of higher switching frequency with higher efficiency is the key to achieve the goal. 

The resonant converters can work in a wide output voltage range with a relatively small range 

variation of the high switching frequency, reduce the transformer and filter’s dimensions and 

weights and achieve a high efficiency by achieving very low switching loss. 

 

However, controlling an LLC converter is more difficult than buck converter using PWM due to 

the complex nonlinear model. For PWM converter, the natural frequency of the linear network 

(output filter) is much lower than the switching frequency. The modulation of the converter is 

achieved through the low frequency content in the control signal. With this character, the average 

method can provide approximate linear solution of the nonlinear state equations. However, for 

resonant converter, the switching frequency is close to the natural frequency of the linear 

network (resonant tank). The states contain main switching frequency harmonics instead of low 

frequency content in PWM converter. The modulation of the resonant converter is achieved by 

the interaction between switching frequency and resonant frequency. Since average method will 

eliminate the information of switching frequency, it cannot predict the dynamic performance of 

resonant converter. In the past, several methods were tried to solve this problem. Among these 
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methods, some made too many simplifications that the results cannot match with test results. 

Some of them are very complex and difficult to use.  

Figure 2.1 Circuit diagram of an LLC resonant converter[9] 

Fundamental harmonic approximation (FHA) and steady-state models can provide good insights 

into the converter behavior and overall, the steady-state gain. But they cannot provide dynamic 

characteristics to guide the controller design. In this dissertation, a simulation-based method is 

proposed. This method uses simulation tools to get the small signal response of the converter.  

A feedback linearization controller of an LLC resonant converter is proposed by using the tool of 

AC sweep in PSIM software to show the general transfer function from control signal to output 

current and voltage feedback. A double loop controller is designed to get the modulation voltage 

and reference current. Then, the switching frequency is calculated as a function of the 

modulation output voltage and current feedback. By the demonstrating pulse width modulator 

and variable frequency modulator; DC current feedback and rectified AC current feedback; 

control signal limitation of Buck and LLC; general transfer function from different types of 

control signal used for Buck and LLC control loop, this dissertation further shows the differences 

of the extended control method with the conventional one applied for Buck. 
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Simplified Model of LLC Resonant Converter 

Figure 2.1 shows the circuit diagram of an LLC resonant converter containing three resonant 

components 𝐿𝑟, 𝐶𝑟, and 𝐿𝑚. The power MOSFETs of the full bridge are controlled in 

complementary at duty 50%, ignoring the dead time and providing a square input voltage. The 

full-wave rectifier, together with the output capacitor, acts as a nonlinear load to provide the dc  

voltage. The LLC resonant converter can be divided into two parts: dc/ac stage and ac/dc stage, 

as shown in Figure 2.2. 

 
Figure 2.2 Conversion stages and subsystems in an LLC resonant converter 

The ac subsystem contains three resonant components. In the dc subsystem, the rectifier current 

flows through the output capacitor and load. DC subsystem is a one order dynamic model. But 

the AC stage shown as Figure 2.3 is a high order complex system that needs to be simplified and 

combined with DC stage into a low order system for the implement PI control method. 

Figure 2.3 Equivalent circuit diagrams of ac subsystem 
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Figure 2.4 Simplified equivalent circuit diagrams of an LLC resonant 

After simplified and mathematical calculation, the equal rectifier voltage 𝑣𝑛 is controllable and 

decided by the switching frequency, resonant network, and output voltage as shown in  

Figure 2.4. The controllable rectifier voltage 𝑣𝑛 can reached at the steady state during every 

control period, as the dynamic of resonant network is much faster than the output voltage and 

controller. 

 

As the switching frequency of LLC resonant converter is near the resonant frequency, the 

resonant state variables can be assumed as sinusoidal signals. The dc subsystem load can be 

equal to the resister 𝑅𝑒𝑞 = 8𝑛2𝑅/𝜋2. Then, the expressions for the steady-state secondary 

rectifier voltage 𝑣𝑛 can be achieved based on FHA analysis. 

                                                   𝑣𝑛 = 𝑣𝑖/𝑛√(1 + ℎ −
ℎ

𝑓2)2 + 𝑄2(𝑓 −
1

𝑓
)2                                     (2.1) 

   with ℎ =  
𝐿𝑟

𝐿𝑚
     𝑓 =

𝜔𝑠

𝜔𝑟
     𝜔𝑟 =

1

√𝐿𝑟𝐶𝑟
  𝑄 = √

𝐿𝑟

𝐶𝑟
/𝑅𝑒𝑞 

𝜔𝑠 is switching frequency and 𝜔𝑟 is resonant frequency. Therefore, the steady-state value for 

the dc subsystem input 𝑣𝑛 is calculated as the function of the input voltage 𝑣𝑖, output load R, and 

switching frequency 𝑓𝑠. Then, the simplified model of an LLC resonant converter can be 

achieved based on the equal circuit. 
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2.1 From pulse width modulator to variable frequency modulator 
 

 

Modeling of Pulse Width Modulator 

                          

2.5 Simplified pulse-width modulator circuit 

In Buck Converter a PWM modulator is used. The pulse-width modulator block shown in Figure 

2.5 produces a logic signal 𝛿(𝑡)that commands the converter power transistor to switch on and 

off. The logic 𝛿(𝑡) signal is periodic, with frequency 𝑓𝑠 and duty cycle 𝑑(𝑡). The input to the 

pulse-width modulator is an analog control signal 𝑣𝑐(𝑡).The function of the pulse-width 

modulator is to produce a duty cycle 𝑑(𝑡) that is proportional to the analog control voltage 𝑣𝑐(𝑡). 

The peak-to-peak amplitude of the RAMP voltage waveform 𝑣𝑠𝑎𝑤(𝑡)is 𝑉𝑀. The converter 

switching frequency is determined by and equal to the frequency of the RAMP. An analog 

comparator compares the analog control voltage 𝑣𝑐(𝑡) to 𝑣𝑠𝑎𝑤(𝑡). This comparator produces a 

logic-level output which is high whenever is greater than and is otherwise low. Typical Figure  

waveforms are illustrated in Figure2.6. The duty cycle will be zero whenever 𝑣𝑐(𝑡)is less than or 

equal to 𝑉𝑀. The duty cycle will be D = 1 whenever 𝑣𝑐(𝑡)is greater than or equal to 𝑉𝑀. 
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Figure 2.6 Waveforms of pulse-width modulator circuit 

If, over a given switching period, 𝑣𝑠𝑎𝑤(𝑡) varies linearly with 𝑡, for 0 ≤ 𝑣𝑐(𝑡) ≤ 𝑉𝑀 the duty 

cycle 𝑑 will be a linear function of  𝑣𝑐 . Hence, we can write 𝑑(𝑡) =
𝑣𝑐(𝑡)

𝑉𝑀
. This equation is the 

input-output characteristic of the pulse-width modulator. 

 

Modeling Variable Frequency Modulator  

As mentioned, the rectifier voltage 𝑣𝑛 is a nonlinear function of the switching frequency. 

In the control method of LLC converter, for the simplification and conventional PI control 

method being used, the nonlinear factor should be eliminated by using load feedback 

linearization. In the simulation and design of LLC converter by using PSIM, variable frequency 

modulator should be implemented which would be the first different building blocks compared 

with control of Buck.  
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                         Figure 2.7 Frequency Variable Modulator (analog model) 

                          Figure 2.8 Frequency variable modulator (digital model) 

Based on the established linearization model of LLC converter, the feedback current and voltage 

signal can be sensed to generate the corresponding frequency variables as response. The LLC 

operation frequency varies over a range, which is determined by input DC voltage. To use the 

frequency variables to generate the input pulse to drive the switch of LLC converter working on 

the desired frequency and operation point, we implement a block to work as Variable Frequency 

Modulator shown as Figure 2.7, which can be compared with the function of VCO (Voltage 

Controlled Oscillator). Time constant of the integrator should be set to be the same as 1/𝑓𝑟, for 

the frequency modulator generating a sawtooth waveform with desired frequency. The modulo 

block gives the remainder of the division 𝑉𝑖𝑛_𝑛 / 𝑉𝑖𝑛_𝑑 (𝑉𝑖𝑛_𝑛 is the integrated frequency 

variable and 𝑉𝑖𝑛_𝑑 is constant value 1). The operation result of this block generates a sawtooth 

carrier waveform with a frequency that is equal to the input frequency variable signal multiplied 

𝑓𝑟. Then the constant value 0.5 is compared with the carrier waveform to general the pulse with 
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0.5 duty cycle which will drive the switches. Another logic block is used in digital control as 

shown in Figure 2.8, the result of external resettable integrator is driven by the output signal of 

comparator which compares the input control variables and output carrier waveform. Thus, the 

output of external resettable integrator can generate the carrier waveform of the desired 

frequency. The pulse which drives the switch with desired duty cycle of 0.5 is generated by 

comparing the input frequency variables multiplied with 0.5 and the carrier waveform. Figure 2.9 

shows simulation of control signal waveforms of Variable Modulator (analog model) which 

helps illustrate the functions of the variable frequency modulator.  

Figure 2.9 Signal waveforms of variable modulator (analog model) 
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2.2 From DC current feedback to rectified AC current feedback  

Different from Buck converter, the primary side of LLC converter resonant components has AC 

sinusoidal current and voltage.  In conventional feedback control method, the sampled value 

should be DC component plus a small ripple which would be compared to the constant reference 

value to generate the error signal to be magnified and integrated. In Buck converter, the sensed 

values need to be simply filtered and sampled to generate the signal we need, while in LLC, 

converter can also be implemented with a full-bridge or a full-wave rectifier circuit on the 

secondary side. In the simulation case, we use full wave rectifier and a low pass filter to sample 

the feedback current.    

Figure 2.10 Different sample points of LLC converter example 

Here are 4 points in Figure2.10 which can be considered as the sampled for feedback current, 

after comparing the current wave form, we can see that A, B cannot be used as the sampled point 

without adding a rectifier. Comparing the wave form of C and D, the filter capacitor of 100u 

filter too much AC components of current and would cause the loss of rapidity by adding delay 

in response of the inner current loop. To get the desired fast and DC value with small ripple in 
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AC form, in this simulation only C should be adopted. Sampled current waveforms can be seen 

in Figure 2.11. 

Figure 2.11 Sampled signal waveforms of LLC 

2.3 Control signal limitation from Buck to LLC 

For a complete and successful control simulation of LLC converter, in normal condition, it is 

needed to set a limiter to limit the frequency variables in feedback control loop, which is a 

difference compared with Buck converter control building blocks. 

As mentioned in simplified linearized equitant circuit in equation (2.1)  

𝑣𝑛 = 𝑣𝑖/𝑛√(1 + ℎ −
ℎ

𝑓2
)2 + 𝑄2(𝑓 −

1

𝑓
)2 

and in normalized format of voltage-gain function 

                                                           𝑉𝑜 = 𝑀𝑔(𝑓, 1/ℎ, 𝑄)
𝑉𝐷𝐶

𝑛
                                                    (2.2) 

It is necessary to understand how Mg behaves as a function of the three factors f, 1/h,  

and Q. In the gain function, frequency f is the control variable, 1/ h and Q are dummy variables,  
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since they are fixed after their physical parameters are determined. Mg is adjusted by 𝒇 after a 

design is complete. As such, a good way to explain how the gain function behaves is to plot Mg 

with respect to 𝒇 at given conditions. 

As showed in the Figure 2.12, achieving line regulation for the design of an LLC converter can 

be based on equation and the recommended design areas. A minimum and maximum output 

voltage, 𝑉𝑜_𝑚𝑖𝑛 and 𝑉𝑜_𝑚𝑎𝑥, respectively, will be assumed. To simplify the discussion, it will 

also be assumed that all parasitic voltage drops are already converted or lumped into a part  

Figure 2.12 Voltage gain versus the switching frequency 

of the output-voltage range. It will also be assumed that the design requires a maximum 

switching-frequency range, i.e., that it is limited within 𝑓𝑛_𝑚𝑖𝑛 ≤ fn ≤ fn_max. In the part of 

simulation and control, the most important thing is we need the frequency variables range lies on 

the right side of the resonant f-Gain curve, where the slope of Mg-f curve is negative. It is a 

must to ensure that implemented the negative feedback will work as select negative 𝐾𝑝 in 

control loop. When the output current rise, the error signal will decrease, but after passing though 
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the negative 𝐾𝑝 in PI controller, the corresponding frequency variables will increase. From the 

figurer of Mg-𝑓 curve, in the negative slope area, when frequency increases, the Gain will 

decrease thus, the sensed current and voltage would decrease so the negative feedback would 

work to adjust the output to follow the reference.  

 

Here provided a way to determine the control signal range limitation, the series step voltage 

source controlled to generate the ladder shaped signal is used to simulate the wide range of input 

frequency variables to the frequency modulator. By watching the output voltage, we can set the 

lower limit and upper limit of the signal limiter to let the frequency variable signal lies in the 

negative slope area of Gain curve. We ca see that, the increasing voltage output goes down with 

step voltage source amplitude beyond 0.6, so the lower limit should be set equal or higher than 

0.6 see in Figure 2.13.     

Figure 2.13 Series step response to determine control signal range limitation 
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2.4 General transfer function from control signal to output current feedback 

Figure 2.14 Control signal injection and output part in simulation 

The first step is to determine where the control signal injection and output current is in the figure    

above. To investigate the control to output characteristic, a perturbation will be added to the 

control voltage as shown in Figure 2.14. This perturbation will be a small amplitude sinusoidal 

signal. The amplitude is small so that the converter operation modes will not change with 

perturbation added. The impact of the injected perturbation on output variable could be derived. 

This will give us the small signal characteristic of the converter at one perturbation frequency. 

Repeat above steps for the frequency range interested, and extend to wide range frequency 

domain, a complete small signal characteristic at given operating condition could be extracted. 

The PSIM software could do the complete sweeping of frequency and operating condition as set. 

It also performs the extraction of small signal characteristic after each simulation. Then by using 

AC Sweep, injecting the excitation signal into the current feedback path, and using the node-to-
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node ac sweep probe, we can obtain the loop transfer function directly. With the loop transfer 

function, one can determine the bandwidth of the control loop and the phase margin 

             

2.5 Inner current loop design from buck to LLC 

 

The LLC converter with the inner current control loop is shown below in Figure 2.15.  

Figure 2.15 Full-bridge LLC converter circuit schematic with dual-loop controller [10] 

The operating conditions:   

Figure 2.16 Full-bridge LLC converter circuit schematic in PSIM simulation 

 𝑉𝑖𝑛 = 700 𝑉;  𝑉𝑜 = 550 −  850 𝑉;  𝐿𝑟 =  26µ𝐻;  𝐶𝑟 = 22.5𝑛𝐹;  𝐿𝑚 = 160 µ𝐻 

  𝑅0 =  45.8 𝑂ℎ𝑚  𝐶𝑜 = 26 µ𝐹     Turns ratio = 27: 20  𝑃𝑜𝑢𝑡 = 6.6𝑘𝑊  

Voltage sensors:  𝑘𝑠𝑒𝑛_𝑣 = 1,  
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Current Sensor:  𝑘𝑠𝑒𝑛_𝑖 needs to be defined as a low pass filter transfer function 

Renasant frequency: 𝑓𝑟 = 208kHz 

According to the 𝑀𝑔 =
𝑛𝑉𝑜

𝑉𝑖𝑛
,  ℎ =  

𝐿𝑟

𝐿𝑚
,  𝑄 = √

𝐿𝑟

𝐶𝑟
/𝑅𝑒𝑞, 𝑓 =

𝜔𝑠

𝜔𝑟
, 𝑅𝑒𝑞 =

8𝑛2𝑅

𝜋2 , ℎ =
𝐿𝑟

𝐿𝑚
= 0.16 

Table 2: Parameter of LLC converter in operation condition  

𝑉𝑜𝑚𝑖𝑛 𝑀𝑔_𝑚𝑖𝑛 𝑅𝑒𝑞𝑚𝑎𝑥_550𝑉 𝑄_550𝑉 𝑓𝑛1 

550V 1.06 67.7 0.6 0.76/160k 

𝑉𝑜𝑚𝑎𝑥 𝑀𝑔_𝑚𝑎𝑥 𝑅𝑒𝑞𝑚𝑎𝑥_850𝑉 𝑄_850𝑉 𝑓𝑛2 

850V 1.64 161.7 0.283 0.43/90k 

 

Case1. 𝑽𝒐 ≤ 𝟓𝟓𝟎𝑽  In this case, based on voltage gain versus frequency curve shown in  

Figure 2.17, the desired curve of 𝑄max _550𝑉 in 550V output condition should guarantee the 

switching frequency occurs at the peak gain of the 𝑄max _550𝑉 curve.  

Figure 2.17 700V/550V 6.6kW Gain versus frequency curve 
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The switching frequency occurs at the peak gain of the 𝑄max _550𝑉 curve is called the minimum 

normalized switching frequency, which will guarantee inductive operation for the max load 

condition. It will also guarantee inductive operation for all other loads. Going through few 

iterations to reach the designed 𝑄, we get  𝑅0 = 45.7Ω, 𝑅𝑒𝑞_𝑚𝑖𝑛 = 67.71Ω, 𝑄𝑚𝑎𝑥 550𝑉=0.6, the 

minimum normalized switching frequency is 160k Hz 

Case2. 𝑽𝒐 = 𝟓𝟓𝟎𝑽 − 𝟖𝟓𝟎𝑽 and higher  

Figure 2.18 700V/850V 6.6kW Gain versus frequency curve  

In setting a value for 𝑄𝑚𝑎𝑥  in this condition, we also need to find the minimum normalized 

switching frequency 𝑓𝑛  that will guarantee inductive operation region for the max load 

condition(700/850V), the corresponding minimum frequency will also guarantee inductive 

operation for all other loads. The minimum normalized switching frequency can be visually 

spotted in the gain plot as in Figure 2.18. 
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After few iterations to reach the designed 𝑄, we get  𝑅0 = 109.2Ω, 𝑅𝑒𝑞 = 161.7Ω, 𝑄𝑚𝑎𝑥850𝑉 =

0.283 , the switching frequency at (Mg=1.63, fsw_min) is 108.5kHz 

Figure 2.19 Current loop control scheme (with compensator)-LLC 

 

Design processors of inner current loop control: 

LLC converter current loop control in PSIM simulation is shown in Figure 2.19. The sampled 

and controlled variable is secondary rectified current.  We first use AC sweep (Vsweep2) to get 

the loop gain transfer function of the plant. The function of AC sweep is to give small 

disturbance in the form of AC sine wave with wide range of frequency into the sensed output 

variable in feedback loop in order to get the frequency corresponding signal in bode plot, based 

on which, the controller parameters can be set according to the desired bandwidth and phase 

margin. Here are the specific design steps. 

1.Define the transfer function of rectified current and frequency variables 

𝐺𝑖𝑓(𝑠) This expression is obtained from derivation. 

2.Define the transfer function 𝐾𝑠𝑒𝑛_𝑖 (𝑠)of lowpass filter in current loop with a cut off 

frequency at 20k Hz. 

3. Define the controller loop gain (without control) transfer function in bode plot using AC 

sweep. Obtain the current loop transfer function 𝑇𝑖_𝑙𝑜𝑜𝑝(𝑠):  

𝑇𝑖𝑙𝑜𝑜𝑝(𝑠) = 𝐺𝑖(𝑠) ∗ 𝐺𝑖𝑓(𝑠) ∗ 𝐾𝑠𝑒𝑛_𝑖(𝑠)                                                 (2.3) 
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4. Get open loop response (Open loop transfer function without compensator):  

Make an excitation source of frequency variable injected to the modulation signal, we can obtain 

the open loop transfer function without compensator directly. The result of the ac analysis seen 

in Figure 2.20, shows the open-loop response of the inductor current versus the modulation 

signal, based on which we can set the PI controller parameter for outer voltage loop design.   

Figure 2.20 Current open loop frequency response without compensator-LLC 

5. Use AC sweep to get the inner loop transfer function (loop gain bode plot with controller):  

By injecting the excitation signal into the current feedback path seen in Figure 2.19 and using the 

node-to-node ac sweep probe, we can obtain the loop gain transfer function which can be directly 

observed in bode plot shown in Figure 2.21. With this loop gain transfer function, one can 

determine the bandwidth of the control loop and the phase margin. 

With a switching frequency of 208kHz, set the desired gain‐cross‐over frequency at  

9.19kHz and the phase margin at 50 deg. Through trial‐and‐error, first adjust 𝑇𝑝𝑖𝑖 manually  

until the phase margin is 65deg. Then adjust 𝐾𝑝𝑖𝑖until the loop transfer function  
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amplitude𝑇𝑖𝑙𝑜𝑜𝑝(𝑠)_𝑓𝑥 𝑎𝑚𝑝  is 1.   

From the procedure above, we obtain: 𝐾𝑝𝑖𝑖=0.2, and 𝑇𝑝𝑖𝑖=40µ. The Bode plot of loop gain  

𝑇𝑖_𝑙𝑜𝑜𝑝(𝑠) are shown in Figure 2.21. The bode plots shows that the current loop has the desired  

gain‐cross‐over frequency and phase margin. 

Figure 2.21 Current open loop frequency response with compensator-LLC 
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2.6 Outer voltage loop design from Buck to LLC  

Figure 2.22 Dual-loop control scheme in PSIM simulation-LLC 

After the current loop is designed, we can proceed to design the voltage loop. LLC converter 

voltage loop control scheme in PSIM simulation is shown in Figure 2.22.  

Design processors of outer voltage loop control: 

1.Define the plant transfer function  𝐺𝑣𝑖(𝑠). This expression is obtained from  

derivation                                                𝐺𝑣𝑖(𝑠) =
𝑅0

𝑠𝑅𝑜𝐶𝑜+1
                                                       (2.4) 

2. Define Current closed loop transfer function Tic_loop   

                                            𝑇𝑖𝑐_𝑙𝑜𝑜𝑝 =  1/𝑘𝑠𝑒𝑛_𝑖 ⋅ (𝑇𝑖_𝑙𝑜𝑜𝑝/(1 + 𝑇𝑖_𝑙𝑜𝑜𝑝))                      (2.5) 

3. The voltage loop transfer function Tv_loop(s), which is equal to  

                                                  𝑇𝑣𝑙𝑜𝑜𝑝(𝑠) = 𝑇𝑖𝑐_𝑙𝑜𝑜𝑝(𝑠) ∗ 𝐺𝑣(𝑠) ∗ 𝐺𝑣𝑖(𝑠)                                   (2.6)                                                             

4. For controller design reference, we can use AC Sweep to obtain open loop response of output 

voltage versus the modulation signal (bode plot of transfer function without compensator) seen 

in Figure 2.23, based on which we can set the PI controller parameter for outer voltage loop 

design.   
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Figure 2.23 Voltage open loop response without compensator-LLC 

5. Use AC sweep to get the outer loop transfer function (with controller):  

By injecting the excitation signal into the voltage feedback path seen in Figure 2.22 and using 

the node-to-node ac sweep probe, we can obtain voltage loop transfer function. It which can be 

directly observed in bode plot shown in Figure 2.24. With the voltage loop transfer function, one 

can determine the bandwidth of the control loop and the phase margin. 

 

Set the desired gain‐cross‐over frequency at 2300Hz and the phase margin at 95deg for 

voltage loop. The process of designing the voltage PI parameters is similar with the current loop 

design. That is, according to open loop response without compensator, through trial‐and 

error, adjust 𝑇𝑝𝑖_𝑣 until the phase margin is 95deg. Then adjust 𝐾𝑝𝑖_𝑣  until the loop gain 

𝑇𝑣𝑙𝑜𝑜𝑝 amp is 1, at 2300Hz.   

We obtain: Kpi_v =0.5, and Tpi_v =0.001. Figure 2.24 shows the loop gain bode plots of 

𝑇𝑣𝑙𝑜𝑜𝑝(𝑠). The Bode plots show that the outer voltage loop has the desired  
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gain‐cross‐over frequency and phase margin. 

Figure 2.24 Voltage open loop response with compensator-LLC 

Using the designed PI parameters, we can perform the time‐domain simulation. The control 

signal and frequency waveforms derived from sampled ports of frequency variable modulator 

(analog model) are shown in Figure 2.25. That is what we desired. The sensed rectified current  

Figure 2.25 Time‐domain simulation of LLC converter control loop  
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and output voltage waveform is shown in Figure 2.26. 

Figure 2.26 Zoom in view of time‐domain simulation of LLC converter  
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CHAPTER 3 

SIMULATION AND TESTING RESULTS OF MULTI-LOOP CONTROL 

Simulation and hardware experimental results of 700/550 V-6.6kW LLC converter laboratory 

prototype is used to validate that the proposed double loop control scheme with PI controller 

implemented in LLC hardware has the benefit of good dynamic response and high efficiency. 

Experimental results verify the effectiveness of the proposed control strategy. And the proposed 

controller and modeling method can also be used for other resonant converters. 

3.1 Buck converter hardware  

Figure 3.1 Buck converter hardware schematic 

Figure 3.2(a) Buck converter hardware 



   

39 

 

 

Figure 3.2(b) Buck converter hardware 

3.2 Simulation results for dual-looped controlled Buck 

Figure 3.3 PSIM simulation schematics of Buck converter under test 

The operating conditions: 

Vin = 100 V     Vo = 24 V 

 L1 = 100 µH   C1 =100 µF   R1 = 5.76 Ohm  
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Voltage sensors:  ksen_v = 1, Current sensors:  ksen_i = 1, Switching frequency: fsw=100kHz   

Figure 3.4 Bode plot of current loop gain transfer function-Buck 

Above is the simulation schematics of Buck converter in PSIM. Figure3.4 and Figure 3.5 give 

the bode plots of inner and outer loop loop-gain of Buck converter controller design. And the 

results of the control loop behavior are recorded in Table 2.  

 

Figure 3.5 Bode plot of voltage loop gain transfer function-Buck 
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Here is the controller behavior table of tested buck converter.   

 

Table 3: Controller Behavior of tested Buck 

Loop type Bandwidth/Hz Phase margin/º 

Inner current loop 10k 52 

Outer voltage loop 1k 58 

 

                                        Figure 3.6 Voltage loop step-up process—Buck 
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Using the designed PI parameters, we can perform the time‐domain simulation of tested buck 

converter. The sensed rectified current and output voltage waveform is shown in Figure 3.6 and 

Figure 3.7, it can also be seen that the waveform shows a good dynamic response of voltage and 

current loop step up process. 

Figure 3.7 Current loop step-up dynamic process—Buck 

3.3 LLC resonant converter hardware  

Figure 3.8(a) LLC converter hardware  
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Figure 3.8(b) LLC converter hardware  

3.4 Simulation results and testing results for dual-looped controlled LLC 

Figure 3.9 PSIM simulation schematics of LLC converter under test 
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Figure 3.9 is the simulation schematics of under testing LLC converter in PSIM. Figure 3.10 and 

3.11 gives bode plots of inner and outer loop loop-gain of LLC converter controller design. And 

the results of the control loop behavior are recorded in Table 3. 

Operation condition of LLC converter:  

𝑉𝑖𝑛 = 700 𝑉;  𝑉𝑜 = 550 −  850 𝑉;  𝐿𝑟 =  26µ𝐻;  𝐶𝑟 = 22.5𝑛𝐹;  𝐿𝑚 = 160 µ𝐻 

  𝑅0 =  45.8 𝑂ℎ𝑚  𝐶𝑜 = 26 µ𝐹     Turns ratio n = 27: 20  𝑃𝑜𝑢𝑡 = 6.6𝑘𝑊 

Figure 3.10 Bode plot of current control loop in tested LLC converter 

Figure 3.11 Bode plot of voltage control loop in tested LLC converter 
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Figure 3.12 Steady State Simulation Result of LLC Controller 

Here is the controller behavior table of LLC under test.   

 

Table 4: Controller Behavior of tested LLC 

Loop type Bandwidth/Hz Phase margin/º 

Inner current loop 9.19k 50 

Outer voltage loop 2.3k 95 

 

Here is the tested current and voltage step up dynamic response: 
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Current Step-up Dynamic Response:  

Sampled value: Secondary side rectified current with filter 

Step up from 6-9A 

Risetime: 64.4 us 

Bandwidth=0.5/Trise=7764 Hz 

Based on the rise time and Figure 3.13, a fast dynamic response is observed. 

Figure 3.13 Current Step-up Dynamic Response of Inner Loop LLC 

Voltage Step-up Dynamic Response: 

Sampled value: secondary side voltage 

Step up from 620-700V 

Risetime: 0.623ms 

Bandwidth=0.5/Trise= 802Hz 

Bsed on the rise time and Figure 3.14 a fast volatge dynamic response is observed. 
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Figure 3.14 Voltage Step-up Dynamic Response of OuterLoop LLC 

Steady State :550V 6.6kW 

Figure 3.15(a)Testing Result at Steady State of LLC 
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Figure 3.15(b)Testing Result at Steady State of LLC 

Figure 3.15(a) shows the steady state condition of 550V input and 6.6kW power output. The 

LLC converter has a very high efficiency of 97.48%. 

Using the designed PI parameters, we can perform the time‐domain simulation of tested LLC 

converter. The primary side voltage, secondary side transformer current, output voltage 

waveform and secondary side rectified current is shown in Figure 3.11(b), it can also be seen that 

the waveform shows a good dynamic response of voltage and current loop step up process. 
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CHAPTER 4 

CONCLUSION AND FUTURE WORKS 

This dissertation proposes a way to extend multi-loop control method which is originally applied 

for Buck to LLC converter. An effective dual-loop scheme with an inner current loop and an 

outer voltage loop is implemented employing the output voltage and output rectifier current as 

feedback signals. Based on software (PISM) simulation, this dual-loop control method enables 

numerous advantages such as tight current regulation and overcurrent protection. It could be used 

to any periodical operating converter and any working condition of LLC. Also, the impact of 

parasitic could also be easily included into this method. To perform this analysis, only the 

switching model of the converter is needed. By the demonstrating the key different control 

building blocks and their functions, this dissertation further shows the differences of the 

extended control method with the conventional one applied for Buck. The effectiveness of the 

proposed dual loop control method is verified by simulation and experimental results by using a 

6.6kW full bridge LLC resonant converter. The experimental results verify the effectiveness of 

the proposed control strategy.  

 

In the future, the proposed dual-loop control method based in simulation will be extended to the 

application of other types of resonant converters and bi-directional DC-DC isolated converters 

Hardware of different types of converters will be built to verify the effectiveness of the proposed 

control strategy.  
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Appendix A 

CCS Studio Control Code for Buck 

#include "DSP28x_Project.h"     // Device Headerfile and Examples Include File 

 

void main(void) 

{ 

__interrupt void  adc_isr(void) 

{ 

 

    static Uint16 i = 0; 

    static int16 duty = 0; 

 

    GpioDataRegs.GPASET.bit.GPIO24 = 1; 

 

    VoutFB = AdcResult.ADCRESULT0;//A3 

    ILFB = AdcResult.ADCRESULT1;//A4 4.1A 

//    VinFB = AdcResult.ADCRESULT2;//B3 

//    ILFB_AVG = AdcResult.ADCRESULT2;//B4 

 

    VoutFB_flt = (float)VoutFB * (float)0.00163614;//0~6.7V 

//    VinFB_flt  =  (float)VinFB * (float)0.0031746; //0~13V 

    ILFB_AVG_flt = (float)0.001815 * (float)ILFB - 0.01741;//4.1A 

    //Over Voltage Protection 

    if(VoutFB > 3000) //3800 = _IQ12(0.9277) * 6.7V = 6.2V 

    { 

        //Shutdown all PWM 

        EALLOW; 

        EPwm4Regs.TZFRC.bit.OST = 1; 

        EDIS; 

        Status = 3; 

    } 

 

    switch(Status) 

    { 

        case 0://Start-up Process 

            i++; 

            if(i > 1000) 

            { 

                i = 0; 

                duty += 1; 

                if(duty >= 102) //56 

                { 

                    duty = 102;//120 

                } 
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                if(VoutFB_flt > 4) //2.0 

                { 

                    Status = 1; 

                } 

            } 

            break; 

        case 1://Normal Process 

            //_Q12 Format 

            V_err = Vout_Ref - VoutFB_flt; 

            V_err_dif = V_err - V_err_pre; 

            V_err_pre = V_err; 

            V_sum = V_sum + V_Ki * V_err; 

            if(V_sum > 10.0) 

                V_sum = 10.0; 

            else if(V_sum < -5.0) 

                V_sum = -5.0; 

            I_ref = V_Kp * V_err + V_sum; 

 

            I_err = I_ref - ILFB_AVG_flt; 

            I_sum = I_sum + I_Ki * I_err; 

            if(I_sum > 4.0) 

                I_sum = 4.0; 

            else if(I_sum < -4.0) 

                I_sum = -4.0; 

            I_out = I_Kp * I_err + I_sum; 

            V_out = I_out + I_FF; 

 

            duty = (int16)(V_out * (float)25.0); 

            if(duty < 25) 

                duty = 25; 

            else if(duty > 200) 

                duty = 200; 

 

            break; 

        case 2://Stop Process 

            EALLOW; 

            EPwm4Regs.TZFRC.bit.OST=1; 

            EDIS; 

            duty = 0; 

            break; 

        default: 

            EALLOW; 

            EPwm4Regs.TZFRC.bit.OST=1; 

            EDIS; 

            duty = 0; 

            break; 
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    } 

 

 

    EPwm4Regs.CMPA.half.CMPA = (Uint16)duty; 

 

    //Clear Interrupt Flag 

    AdcRegs.ADCINTFLGCLR.bit.ADCINT1 = 1;     //Clear ADCINT1 flag reinitialize for next 

SOC 

    PieCtrlRegs.PIEACK.all = PIEACK_GROUP1;   // Acknowledge interrupt to PIE 

 

    GpioDataRegs.GPACLEAR.bit.GPIO24 = 1; 

    return; 

} 
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Appendix B 

 Control Code for LLC Converter 

 

void __attribute__ ( ( __interrupt__ , auto_psv, weak ) ) _ADCAN13Interrupt ( void ) 

{ 

    uint16_t valchannel_AN13; 

    static uint16_t protection_cnt = 0; 

    //Read the ADC value from the ADCBUF 

//    valchannel_AN13 = ADCBUF13; 

    _LATD7 = 1; 

     

    //Read the ADC value from the ADCBUF 

    //Current base: 169A 

    //V_HVDC_Base = 1055.13V 

    //V_LVDC_Base Base 879.7V, changed to 1055.13V 

    Iout  = (int16_t)((ADCBUF0 << 3)  + OFFSET_I);  //TP12 Output Current 

    LVDC  = __builtin_mulss((int16_t)((ADCBUF4 << 3)+OFFSET_LV),Q15(0.83374))>>15; 

//TP8  LVDC     

    HVDC = (int16_t)((ADCBUF13 << 3) + OFFSET_HV); //TP18 HVDC     

    if(Iout > Q15(0.95))//850V 20A 

    { 

        //Disable PWM 

        protection_cnt++; 

        if(protection_cnt > 3) 

        { 

            CLC2CONHbits.G4POL = 0; 

            Err |= 2; 

        } 

    } 

    else 

    { 

        protection_cnt = 0; 

    } 

 

    HVDC_dif = _Q15sub(HVDC,HVDC_LPF); 

    HVDC_LPF_32bit = (int32_t)HVDC_LPF_32bit + (int32_t)(__builtin_mulss(HVDC_dif, 

Q15(0.01))>>4); 

    HVDC_LPF = HVDC_LPF_32bit >> 11; 

     

    LVDC_dif = _Q15sub(LVDC,LVDC_LPF); 

    LVDC_LPF_32bit = (int32_t)LVDC_LPF_32bit + (int32_t)(__builtin_mulss(LVDC_dif, 

Q15(0.01))>>4); 

    LVDC_LPF = LVDC_LPF_32bit >> 11; 

    if(LVDC_LPF < 20) LVDC_LPF = 20; 
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    // Calculate V_ref base on input voltage  

    //Base: 1055.13V 

    //700V/1055.13V = Q15(0.66343)   

     

    //define Q15(0.66343) 

//    if(HVDC_LPF > Q15(0.66343))//700V 

//    if(HVDC_LPF > Q15(0.33172))//350V 

//    { 

        //650V/1055.13V = Q15(0.61604) 

        //600V: 0.56865 550V:0.5213 500V:0.47388  

        //450V: 0.42649 400V:0.37910 350V:0.33171 

        //300V: 0.28433 250V:0.23694 200V:0.18955 

//        V_ref = Q15(0.61604);//650V 

//        I_ref = Q15(0.083);//14A 

//    } 

//    else 

//    { 

        //617/700V = 0.8814 

        //600V:0.85714 550V:0.78571 500V:0.71429  

        //450V:0.64286 400V:0.57143 350V:0.5 

        //300V:0.42857 250V:0.35714 200V:0.28571 

//        V_ref = __builtin_mulss(HVDC_LPF, Q15(0.8814))>>15; 

//        I_ref = __builtin_mulss(HVDC_LPF, Q15(0.25023))>>15; 

//    } 

//    V_ref = Q15(0.7582); 

    if(V_ref > Q15(0.76)) 

    { 

        V_ref = Q15(0.76); 

    } 

    //Outer voltage loop 

    V_err = _Q15sub(V_ref, LVDC); 

    V_intgr_32bit = (int32_t)V_intgr_32bit + (int32_t)(__builtin_mulss(V_ki,V_err)>>4);//Q26 

    //V_intgr_32bit Limit to 14A: 18.4/23=0.8 

    if(V_intgr_32bit > Q26(0.5)) V_intgr_32bit = Q26(0.5); 

    else if(V_intgr_32bit < Q26(0.0)) V_intgr_32bit = Q26(0.0); 

    V_intgr = V_intgr_32bit>>11;//Q26 change to Q15 

//    I_ref = _Q15add(__builtin_mulss(V_kp,V_err)>>15, V_intgr); 

    if(V_err > Q15(0.249)) 

        V_err = Q15(0.249); 

    else if(V_err < (Q15(-0.249))) 

        V_err = Q15(-0.249); 

    //kp = V_kp*4 so right-shift 13 rather than right-shift 15 bits 

    V_prop = __builtin_mulss(V_kp,V_err)>>13; 

    I_ref = _Q15add(V_prop, V_intgr); 

     

    if(I_ref > Q15(0.85)) 
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        I_ref = Q15(0.85); 

    else if(I_ref < 0) 

        I_ref = 0; 

    //Inner current loop 

    //0.306: 6A 

    //0.357: 7A 

//    I_ref = Q15(0.305);//7A/23A 

    I_err = _Q15sub(I_ref, Iout); 

    I_ki_cpst = (int32_t)__builtin_mulss(I_ki, PGperiod_Half)>>15;//28656 

    I_intgr_32bit = (int32_t)I_intgr_32bit + (int32_t)(__builtin_mulss(I_ki_cpst,I_err)>>4);//Q26 

    //I_intgr_32bit Limit to 400V:400/1038 = 0.385 

    if(I_intgr_32bit > I_intgr_32bit_max) I_intgr_32bit = I_intgr_32bit_max; 

    else if(I_intgr_32bit < I_intgr_32bit_min) I_intgr_32bit = I_intgr_32bit_min; 

    I_intgr = I_intgr_32bit>>11;//Q26 change to Q15 

    I_prop = __builtin_mulss(I_kp,I_err)>>15; 

    V_ps = _Q15add(I_prop, I_intgr); 

    if(V_ps < 0) 

        V_ps = 0; 

    else if(V_ps > 32767) 

        V_ps = 32767; 

     

    /* resonant frequency: 208kHz 

     * frequency range: 208*0.52~208*1.2 namely 108kHz~250kHz 

     * 108kHz:37040  250kHz:16000 range: 37040-16000=21040 

     */ 

    PGperiod = (uint16_t)((uint16_t)16000 + 

(uint16_t)(__builtin_mulss(V_ps,21040)>>15))&0xFFF8; 

    PGperiod_Half = PGperiod>>1; 

     

     

    PG1PER = PG2PER = PG3PER = PG4PER = PGperiod;  

    PG4DC = PG3DC = PGperiod_Half; 

    PG1DC = PG2DC = 0; 

    PG1TRIGB = 0;//sets phase shift between PG1,2  and  PG3,4 

    PG1TRIGA = PG1PER - PG2DC; //sets phase shift between PG2 and PG1, keeps falling edge 

sync  

    PG4TRIGA  = PG1PER - PG3DC; //sets phase shift between PG3 and PG1, keeps falling 

edge sync 

    //The moment to trigger ADC, 1.73us sampling time 28560/4-1730/8=6924 

//    PG2TRIGA = PGperiod_Half >> 2; 

    PG2TRIGA = 9600; 

    if(!PG1STATbits.UPDATE) PG1STATbits.UPDREQ = 1;  //All 4 PWM updates happen 

when UPDREQ is set on PWM 1 

     

    buck_duty = 0; 

    if(!PG6STATbits.UPDATE) 
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        PG6DC = __builtin_mulss(buck_duty,PG6PER)>>15; 

     

    //Record data 

    if(Record_Cnt >=3)//Record data every 3 calculation cycles 

    { 

        Record_Cnt = 0; 

        if((Rcd_Ptr < 1190)&& (Err == 0) && (V_ref > Q15(0.6))) 

//        if((Rcd_Ptr < 1196)&& (Err == 0)) 

        { 

//            ReserveData[Rcd_Ptr++] = (uint16_t)HVDC; 

            ReserveData[Rcd_Ptr++] = (uint16_t)V_ref; 

            ReserveData[Rcd_Ptr++] = (uint16_t)LVDC; 

            ReserveData[Rcd_Ptr++] = (uint16_t)V_intgr; 

            ReserveData[Rcd_Ptr++] = (uint16_t)I_ref;//Iout 

//            ReserveData[Rcd_Ptr++] = (uint16_t)I_ref;//Iout 

//            ReserveData[Rcd_Ptr++] = (uint16_t)Iout;//Iout 

//            ReserveData[Rcd_Ptr++] = (uint16_t)I_intgr;//Iout 

            ReserveData[Rcd_Ptr++] = (uint16_t)V_ps;//Iout 

//            ReserveData[1199] = Err; 

        } 

//        if(Rcd_Ptr >= 1196) Rcd_Ptr = 0; 

    } 

    else 

    { 

        Record_Cnt++; 

    } 

     

    if(ADC1_channel_AN13DefaultInterruptHandler)  

    {  

        ADC1_channel_AN13DefaultInterruptHandler(valchannel_AN13);  

    } 

     

    _LATD7 = 0; 

    //clear the channel_AN13 interrupt flag 

    IFS6bits.ADCAN13IF = 0; 

} 

 
 
 
 

 


