
D4 Regulator Classical Control Design 

 

 

Regulator configuration: 

 

 

 

 

Use the SSA (state space averaging) model to determine the control to output transfer function. 

 

 

 

 

 

 

 

 

 



 

 

 

 

   ➔ 

𝑮𝒗𝒅(𝒔) = 𝑪(𝒔𝑰 − 𝑨)−𝟏𝑩𝒅 + 𝑬𝒅       

 

Using this model results in the small-signal control to output transfer function, 𝑮𝒗𝒅(𝒔) 

 

 

 

 

 



Factoring the control to output transfer function: 

 

 

 

 

 

 

 

 

 



Adding losses: 

 

 

 



 

 

 

 

Main result: adds a zero to the transfer function due to the ESR of C2.  

Resonant frequencies are unchanged but the Q factors do change, as there is greater damping in the circuit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The output capacitor used: 47 micro Farad with 40 mOhm ESR : 

 

 

 

 

 

 

 

 

 

 

 



Compensator design: 

 

Compensator transfer function, Gc(s), and resulting loop gain, T: 

 

 

 



 

Compensator: 

 

 

 



Matlab code: 

% D4_RPT_class.m 
% undertakes the D4 regulator design using a classical control approach 

  
clear 
close all 
format short e 

  
L1=33e-6         % D4 converter component values 
L2=180e-6 
C1=100e-6  
C2=47e-6 

  

  
Vg=10            % The parameters for converter 
Vo=5  
D=0.5  % = Vo/Vg 
R=5              % nominal load resistance 

  
k=1/5            % voltage divider gain 
Vm=0.6           % pk-to-pk amplitude of triangular waveform in TL5001 IC  
Fm=1/Vm          % modulator gain 

  
esr=40e-3        % output capacitor ESR (equivalent series resistance) 
fx=12.5e3        % desired crossover frequency 12,500 Hz 

  
fesr=1/(2*pi*esr*C2) 
Wesr=2*pi*fesr 
Wn=1/sqrt(L2*C2) % (dominant) corner frequency  
fp=Wn/(2*pi)        
fz2=fp 
alpha=1          % alpha is between 0.3-1, choose alpha=1 
fz1=alpha*fp 
fp1=fesr 
fp2=90e3         % Choose the fp2 at 90KHz 
f0=(fz1*fx)/(k*Fm*Vg*fz2) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
W0=2*pi*f0       % the parameters for the compensator  
Wz1=2*pi*fz1 
Wz2=2*pi*fz2 
Wp1=2*pi*fp1 
Wp2=2*pi*fp2 

  
%Plot the phase margin and crossover frequence 
s=tf('s'); 
% compensator TF 
Gc=(W0/s)*(((1+s/Wz1)*(1+s/Wz2))/((1+s/Wp1)*(1+s/Wp2))) 

  
% control to output TF of converter 
Gvd_num = Vg*(C1*L1*s^2 + D*(1-D)*L1/R*s + 1); 
Gvd_den = C1*C2*L1*L2*s^4  +  C1*L1*L2/R*s^3 +  ... 
          ((1-D)^2*C2*L1+C2*L2+C1*L1)*s^2 + ((1-D)^2*L1+L2)/R*s + 1; 
Gvd = Gvd_num/Gvd_den; 

  

  
figure(1) 
Gvd_zpk = zpk(Gvd) 
Gvd_zpk_minreal = minreal(Gvd_zpk, 0.06)  % cancellation 



bode(Gvd,Gvd_zpk_minreal) 
h = gcr;                   % Displayed the crossover frequency in Hz 
h.AxesGrid.Xunits = 'Hz'; 

  

  
figure(2) 
Loopgain=k*Gc*Fm*Gvd 
margin(Loopgain) 
h = gcr;                   % Displayed the crossover frequency in Hz 
h.AxesGrid.Xunits = 'Hz'; 

  

  
Gc_zpk = zpk(Gc)           % compensator TF 

  

  
Gvd_den_approx = (L1*C1*s^2+(1-D)^2*L1/R*s+1) * (L2*C2*s^2+L2/R*s+1); 
Gvd_approx = Gvd_num/Gvd_den_approx; 
figure(3) 
bode(Gvd,Gvd_approx) 
h = gcr;                   % Displayed the crossover frequency in Hz 
h.AxesGrid.Xunits = 'Hz'; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
% % with added damping (i.e. r and C3) to L1, C1 
%  
% C1=10e-6    
% L1=33e-6 
% C2=10e-6 
% L2=180e-6 
% r = 0.5 
% C3 = 22e-6 
%  
% A1 = [0       0       1/L1       0           0 
%       0       0       0          -1/L2       0 
%      -1/C1    0      -1/(r*C1)   0           1/(r*C1) 
%       0       1/C2    0         -1/(R*C2)    0 
%       0       0       1/(r*C3)   0          -1/(r*C3)]; 
%    
% B1 = [-1/L1;   1/L2;  0;  0;  0]; 
%   
% A2 = [0       0       1/L1       0           0 
%       0       0      -1/L2      -1/L2        0 
%      -1/C1    1/C1   -1/(r*C1)   0           1/(r*C1) 
%       0       1/C2    0         -1/(R*C2)    0 
%       0       0       1/(r*C3)   0          -1/(r*C3)]; 
%    
% B2 = [-1/L1;   1/L2;  0;  0;  0];  
%    
%     
% A = D*A1+(1-D)*A2; 
% B = D*B1+(1-D)*B2; 
% C = [0, 0, 0, 1, 0]; 
%  
% X = -A\B*Vg; 
% Bd = (A1-A2)*X+(B1-B2)*Vg; 
%  
% sys_bd = ss(A,Bd,C,0); 
% figure(4) 
% bode(sys_bd, Gvd, {2*pi*100, 2*pi*1e5}) 
% h = gcr;                    



% h.AxesGrid.Xunits = 'Hz'; 
%  
% sys_zpk = zpk(sys_bd) 
% sys_zpk = minreal(zpk(sys_bd), 0.02) 
% sys_zpk = minreal(zpk(sys_bd), 0.05)  
%  
% figure(5) 
% margin(k*Gc*Fm*sys_bd) 
% h = gcr;                    
% h.AxesGrid.Xunits = 'Hz'; 

  
% % sys_bd_zpk = zpk(sys_bd) 
% % sys_bd_zpk_minreal = minreal(sys_bd_zpk, 0.05) 
% % figure(4) 
% % bode(sys_bd_zpk_minreal) 
% % h = gcr;                    
% % h.AxesGrid.Xunits = 'Hz'; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
% calculate the compensator component values 
% Gc=(W0/s)*(((1+s/Wz1)*(1+s/Wz2))/((1+s/Wp1)*(1+s/Wp2))) 

  
C3 = 10e-12 
R2 = 1/(Wp2*C3) 
C2 = 1/(Wz1*R2) 
R1 = 1/(W0*(C2+C3)) 
C1 = 1/R1 * (1/Wz2 - 1/Wp1) 
R3 = 1/(Wp1*C1) 
disp('*******') 

  
% % results: 
% C3 = 1.0000e-11   % 10 pF 
% R2 = 1.7684e+05   % 180 kOhm  
% C2 = 5.2012e-10   % 560 pF 
% R1 = 8.0059e+04   % 82 kOhm 
% C1 = 1.1254e-09   % 1.2 nF 
% R3 = 1.6705e+03   % 1.8 kOhm 

  
%%%%%%%%%%%%%%%%%%%%%%% 

  
%  Or, swapping Wz1 and Wz2 (if they are different, depends on alpha above) 
% C3a = 10e-12 
% R2a = 1/(Wp2*C3a) 
% C2a = 1/(Wz2*R2a) 
% R1a = 1/(W0*(C2a+C3a))  
% C1a = 1/R1a * (1/Wz1 - 1/Wp1) 
% R3a = 1/(Wp1*C1a) 

 

 

 

 

 

 

 

 



Loop gain Bode plot: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PECS implementation: 

 

Step load response: 

 



Step input voltage response:  10 V -> 11 V -> 10 V 

 


