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1. Introduction

This tutorial is intended to show how SmartCtrl can be applied to design a digital control
using the equation editor function. Inthis case, a typical buck converterin voltage mode
wil serve as an example to demonstrate the SmartCtrl capabilties to design a digital
control considering the sampling, modulator effects and delays.

Along the tutorial, several aspects wil be highlighted:

e A brief review of the main considerations to take into account when designing
the digital control. A small signal discrete-time model of buck converteris shown.

¢ How to use the new features that the "Equation Editor" module offers to enter
the transfer functions such as the plant, sensor and compensator in discrete-
time.

e The procedure to achieve a correct design of the compensator.

The tutorial is structured as follows: Firstly, a brief theoretical introduction, regarding a
small signal discrete-time model of buck converterin voltage mode, is provided.

Then the design flow is made for the case in which it starts from a discrete plant.

Finally, a PSIM simulation is provided to verify the response of the control loop.
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2. Small signal discrete-time of buck converter in voltage-
mode

The proposed control structure for digital control of buck converteris shown in Figure 1.
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Figure 1: Buck converter: digital voltage-mode control

The main specifications are the following:
V; =12V, DC input voltage.
V, = 3.3 V, output voltage.
F,, = 250 kHz, switching frequency.
I, = 4.125 A, output current.
The output LC fiter components are:
r, = 100 uQ. (Inductor equivalent series resistance)

L =30uH.
ESR = 30 mQ. (Capacitor equivalent series resistance)
C =160 uF.

The voltage sensor parameters are:
K; =1, gain.
HFy,0e = 25 kHz, pole frequency.
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The first step is to define the state-space representation.

éﬁfc =[]+l

[u(t)] e [40] + 5,[% ]
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When the subscript “x” is equal to 1, it represents the state “on” and O represents the
state “off”, therefore you get:
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The folowing discrete model considers the digital delay and type of modulation. In this
example the sampling frequency F,p,;, is equal to switching frequency F, .
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tsync
Figure 2: Trailing-Edge Modulation
Where:

tsync: It accounts for the time difference between the moment when a signal is sampled
and when it is used to update the compensator output.

N,: represent the number of steps.
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The following expressions let us to construct the discrete small-signal matrices:
b = er'(Ts_tsync) - eA1DTsw . er(tsync_D'Tsw)

Y = E . er'(Ts_tsync) . Fl

T
6 = CO
FL2A; X +B"V)—(A,- X, + By V)
X, = ([ — eA1DTsw . er‘D"Tsw)_l. [_eAl'D'Tsw .Ao—l. (1 _ er'D"Tsw) ‘B, _Azl. aI- eAl'D'Tsw) 'Bl] vV

In order to operate with the above expressions, itis hecessary to use some mathematical
calculations software. As the controller is going to be designed using the SmartCtrl's
“equation editor”, it is not necessary to enter the digital delay in the plant model, since
SmartCtrl allows entering the delay later. Therefore, we consider a tg,,. = 0 and N, =

1. As a result, the following discrete transfer function is obtained:
0.08763 - z — 0.04781
z2—1.993 - z+ 0.996

On the other hand, the transfer function in the frequency domain using the standard
averaged modeling approach is given by:

Gy (2) =

Gpa (s)
Rioaa 'V, " (C-ESR-s+1)

“TCL-Ryypg +C-L-ESRI-s2+[L+C -1, -Roppq+C-ESR-7, + C-ESR -Roppq) -5+ 1, + Ripg

Now we compare both transfer functions. To graph two transfer functions at the same
time, go to menu tools then select “Equation editor” option.

Clicon

D E s » Settings. [IEE L= HE ¥ 1 AMTME o

Figure 3: Equation editor option

Then enter both transfer functions.

Important: In order to use the z-transform in the equation editor, you must enter the
sampling period (Ts). The script of both transfer function is in Figure 4.
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TP

B ' Equation editor

Faw = 250 k
RLoad = 0.8
zL = 100 u
L=30u
ESR = 30 m
C =160 u
ontrol to cutput voltage transfer function

in frequency domain

return Gvd

b0 =0
bl = 0.08763
e | et
a0 = 1
sort() pow(,) al = =1,933
a2 = 3,996

Gvu = (b0*z*z+bl*z+b2)/ (a0*z*z+al"z+a2)

volcage cranafer function in discrete domain

zeturn Gvu

Gvd = (RLoad*Vg* (C*ESR*s+1))/ (RLoad+rL + (L+C*RLoad*rL+C*RLoad*ESR+C*rL*ESR)*s + (C*L*RLoad+C*L

*ESR) *a"s)

Figure 4: z-transform in equation editor

Clicking on the “Compile” button opens a dialog box in which you can enter the sampling

period (Ts).

Equation editor

s-domain model Open... Save Save as...

File

//Converter parameters - Parametric sweep

Vg = 12
Vo = 3.3
Fsw = 250 k
RLoad = 0.8
L = 100 u
L=30u
ESR = 30 m
C =160 u

m

-
Define th: li iod.
//Control to output voltage SR L =

=

Gvd = (RLoad*Vg*(C*ESR*s+1)) [tis necessary to define the sampling period (Ts) to operate with the z-transform.

Tk |—4 ] /

return Gvd

ffcoefficients of the transf

carce

bBO =0

b1 = 0.087&3

L F——

Set defaults | Editor... | Compile | Select parameters |

Export transfer function(s)... |

Initial frequency (Hz) End frequency (Hz)
| 10 | 10M

Edit compiled functions | Set defaults (all) |

Edit external functions | Add external function. .. |

Help | Cancel | oK |

Figure 5: Defining the sampling period
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Finally, click on the “OK” button. In Figure 6 it can be observed the phase of the transfer
function that is in discrete-time (G,,) falls more sharply than the transfer function that
is defined in frequency domain (G,4). Therefore, for this example we wil use the discrete
transfer function in order to design the compensator because it is the most restrictive

situation.

Equation editor

s-domain model Open. .. Save Save as... = Gvd, Gwu
Fie [ Ts: [4u

//Converter parameters o Peremelric sweep
Vg = 12 .
Vo = 3.3 %
Faw = 250 k =
RLoad = 0.8
rL = 100 u
L=30u ’
ESR =30 m
Cc =160 u ™
//Control to cutput voltage transfe:
Gvd = (RLoad*Vg* (C¥ESR*a+l))/ (RLoad-
return Gvd
[//ccefficients of the transfer funct

2 =
BO = 0 &
bl = 0.08763 2 g
" nt ]
Setdefauts |  Editor... | Comgile | Select parameters

: 10 100 1k 10k 100k M
Export transfer ﬁnclion{s].,.l Fraquency(Ha)
Initial frequency (Hz)  End frequency (Hz)

Ecit compied funchons | Set defailts (al] !

[ 0 [ 125k
Edit external functons | Add exteral functon... |

vp | cance | x|

Figure 6: Comparison of transfer function using SmartCtrl's equation editor
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3. Design flow of the digital control using the equation editor

First, we select the option "Equation editor" thatis in the section “design a generic control

”
system”.
SmartCtrl

Design a predefined topology Opena...

J +— || DC-DC powe stage and B»D delault i
A | contol cireut design
ﬁ ' DC-DC converter - Single loop @Dl recently saved fie.
elage Mode Corticl or ACMC
ﬁ gf‘jc cunmn:; ; £D previously saved file...
I current mode corts |

& | DCDC converler (’g sample design. .

Average Cunent Mode Contiol

PFC Boost converter
Design a genenic topology Design a genenic contral spstem

s-doman model aditor @ | E quation aditor

Impant requency response data
u from it file

Help Cloza

Figure 7: Clicking on design a generic control system

Then we insert the discrete transfer function that is in the previous section. In order to
define the sampling period (T), click on “Compile” button. After we insert the switching

frequency. In the "end frequency" box we wil enter the Nyquist rate that corresponds
to half of the switching frequency, as it is shown in Figure 8.
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- e
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—
| Plant (equation'ed
s-domain model Open. I Save | Save as... | 50
. |4 in
| Fie] Ts.l u 40
« [ Parametric sweep - 1 30
| //coefficients of the transfer funci s 20
bO =0 3
| 2
bl = 0.08763 =
| | b2 = -0.04781 0
M| ao=1 10
al = -1.9493 20
| | a2 = 0.996 o
M 10
| //control to cutput voltage transfe:
Gvu = (b0*z*z+bl*z+b2)/(al*z*z+al*z-
0
return Gvu
] ) —
|
-
W E 100
‘- 4| m 13 1m
Setdefauts | Edtor.. |  Compie | cooy | Select parameters |
: ] I
i 205 100 Tk ok T T ||
{~ oOnefrequenc (@ Bodepo Export transfer funcbion(s)... o Frequencs{Hz] |
Switching frequency
Initial frequency (Hz)  End frequency (Hz) Controlledmag.  Fsw '.
{ [ 10 [ 125K EE 250k __ setdefouts o _ |
' Edit external functions | Add exteral function... |
' We enter half of the switching frequency Hep | canm | o« |

Figure 8: Plant parameters

Once "ok" is clicked, the sensor transfer function must be entered. In Figure 9 you can
see another way that you can insert the coefficients when it is using the z-transform.
For this example, we are considering an isolated voltage sensor. (Low pass filter)

gl‘.

b ———

Wc = 2*PI*Fc

fcoefficients
b0 = Ka*Wec*Ts
bl = Ks*Wc*Is
ald = We*Ts+2
al = Wc*Ts-2

H = (b0*z+bl)/(a0*z+al)

recturn H

=]
=]
7]
o]

“————— another way to insert the coefficients

Figure 9: Sensor transfer function
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The sampling period that appears in Figure 10, it is the same as we define in the plant
section. If we want to change the value of T; we can do it in this part of the design or

later, since it wil be updated for all the sections.

Sensor (equation editor)

'nm_

s-domain model Open...

File Ts: |4u

Parametric sweep

Save

//sensor parameters
Es = 1
Fc =25k

J//Ccalculaticns

¥ lw: = 2*PI*Fc
//coefficients
b0 = Es*Wc*Is
bl = Es*Wc*Ts
all = We*Ta+2
al = Wec*Ts-2

//Dicrete transfer function
E = (b0*z+bl)/(al*z+al)
return H

setdefouts | Edtor... | | Select parameters

Figure 10: Sensor (equation editor)

Then you choose the digital option.

Mod(dB)

Phase(f]

Mod(dB] vz Fraquency

o

-10]
-20]
-30|
-40)
504
50|
70!
“10 100 Tk 10k 100k 1M
Frequancy(Hz]
, Phasel?) vs Frequency
0]
-20)
~30|
-40)
50)
60|
-70)
-0
-4

[i]

100 Tk

-
Equation editor (plant, sensor and compensator), single loop data input

¥ Digital

N\

Platnt

G(z)

Competisator LI Senszor

Compensator hasn't been
loaded as yet.

Select one from the combo
above

K(z)

— Frequency range(Hz]
mir ma
10 125000
— Solution map
Cross freq. Phaze marg.
i | i
Set...
Help |
>| Cancel | [ oK |

Figure 11: Digital option

-11 -

Designing a Digital C ontrol in z-domain V3.0 - December 2018

www .powersmartcontrol.com



g,__._mc"sr’r

Crrl Designing a Digital Control in z-domain

You can select some of the predefined compensators such as digital PI and digital PID
or you can choose the option of the “equation editor” which allows entering the transfer
function of the compensator. For this example, we select the option "Equation editor".

Equation editor (plant, sensor and compensater), single loop data input @
v Digital Plant Frequency l.ange[Hz]
min max
] 10| 125000
G (Z} Solution map
Compenzator || ﬂ Senzor
Pl digital
FID digital
Com E::!ua;tllor] EIEIEEI- T Crozs freq. Phase marg.
loaded as yet. K(Z) 0 | i
Select one from the combo i —
== above
Help
p| cancel |[ ok |

Figure 12: Choosing Equation editor option

In this example we will use a discretized PID compensator by Tustin integral operator
approach. The transfer function is given by:

R(2) =
@) ap-z2+a;-z+ a,
T, Ty
b, 1(,,-[1+2_5Ti+7S
T, 2Ty
bl_Kp'[ T ]
Ty
=
2 14 TS
ag = 1
a, = -1
a, = 0
Where:
K, is the proportional gain.
T;: is the integral gain.
T,: is the derivative gain.
-12 -
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T i - %
L
" T1Eguation E(il!.qr‘ AR Iy e I I o (4 s /

= | // PID paramecers
| Ep =5
1 | 2 I 3 | Ti = 700 u

Td = 100 m

]
l/Coefficients
= | b0 = Hp* (1+(Ts/(2*Ti))+(Td/Ts))
bl = Kp* (-1+(Ts/ (2*T1))-2*(Td/Ts))
' | b2 = Kp*Td/Ts=
ald = 1
7 | al = -1
a2 =0
-~

!

//Discrete time transfer functi

| R_z = (bO*z*z4bl*z+b2)/(a0*z*z+al*z+a2)
return R_z

Figure 13: Equation editor of compensator section

If the "Select parameters” button is clicked, the program detects the numerical
parameters and allows you to vary them with the sliders that appear in Figure 14. In this
way we can analyze the frequency response as the parameters are varied. The
compensator wil be tuned later.

-Comp'enutnr {equation editar) . = .J ﬁ'

sdomanmodel  Open.. | swe | swvess. | i Mod(dB) vs Frequency
M e T |4u— 100 ! / i
0 "
// PID parameters = Parameter Value <5 3 o— :
Ep =5 e
Ti = 700 u ib ;”5 g $ l
Td = 100 m - W |
0! | f
//Coefficients m =] [mou |
| | b0 = Rp*(1+(Ts/(2%T1))+(Td/T3)} = | | i
bl = Kp*(-1+(Ta/(2%T1))-2%(Td/Ts)) T T 100 Tk 10k 100k 1M ||
b2 = Kp*Td/Ts 3 <3 FrequencylHz]
a0 =1 3| fe =] wom !
al = -1

aZ

of —e— 100 EeselllyiIrequeocy

ENE

//Discrete time transfer function

R z = (b0%*z*z+bl*z+b2)/ (al*z*z+al¥z-
return R_z

™ an '

A E——ie——=2 i I I
L

setdefots | Edtor... | compie | cony |
i
1k 10k 100k 1M Il
Export transfer function(s)... ADC and DPWM FrequencyiHz)
|
i hp | coancel | ok |

Figure 14: Choosing “Select parameters” option
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As the digital delay was not considered in the transfer function that was determined in
section 1, it is important to enter it in the ADC and DPWM option.

Compensator (equation editor) @
s-domain model Open... | Save ‘ Save as... | 110 Mod(dB) vs Frequency
F\Ie| Ts: |[4u
// PID parameters o Paramefric sweep
Parameter Value < >l &=
Ep = 5 =
1 |5 =
Ti = 700 u |KD J‘ £
Td = 100 m —
< 3
//Coefficients [n =] [o0u 1 1 0
b0 = Ep* (1+(Ts/(2*%Ti))+(Td/Ts)) - | | |
bl = Rp*(-1+(Ts/(2%Ti})-2*%(Td/Ts)) = 10 100 1k 10k 100k 1
b2 = Ep*Td/Ts == Frequency([Hz]
a0 =1 E [rd || w00m
al = -1
az = 0 —f— 100 Phaze(?) vz Frequency
=z T
//Discrete time transfer function | j‘
—
R_z = (b0%z¥*ztbl*z+b2)/(a0*z*z+tal*z-
return R_z‘ ol T
[ =] b
5 o
< [ T . v I
Set defaults | Editor... | Compile | Copy ‘ Select parameters
-100 ! L |
/ 10 100 1k 10k 100 k 1t
Export transfer function(s)... ADC and DPWM Frequency({Hz)
Edit external functions | Add external funcﬁon.‘.|
Help | Cancel ‘ QK

Figure 15: Choosing “ADC and DPWM” option

ADC panel:

Vimin: Mminimum voltage the ADC is able to read, used to calculate its gain.
Vmax: Maximum voltage the ADC is able to read, used to calculate its gain.
Npits: number of bits of the ADC to represent the analog input value.
Fsamp- Sampling frequency of the digital regulator.

tsync: 1t accounts for the time difference between the moment when a signal is sampled
and when it is used to update the regulator output.

Different types of carriers can be selected. It is necessary to insert the duty cycle. For
this example, we consider a total delay of approximately 1 us, the carrier of traiing edge
and duty cycle equal to 0.275.

-14 -
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1 B
Equation digital u
— ADC — Digital compensator coeffidents format ——

i I a
R (Z ) ) ¥ Floating paint
' N m Wmax (V) 5 oy
L ¥ [ »
Nbits 10

Vref_Digital

Fsamp(Hz) 250k

tsync(s) I 1lu
Duty cyde I 0.275

— DPWM

Timing diagram
Type ITraiIing edge vl 5000 samplifd Lpdate
Nsteps | 4096k 4000
3000 = J/ d
2000 =t /‘/ /4/
1000 / /

Tu 2u 3w 4u Su Bu Fu Bu Ju 1ullu

Time(s]

Update I Set defaults | Help | OK | Cancel

DPWwWM counter, Duty cycle

Figure 16: “ADC and DPWM” parameters

Note: If the total delay is already taken into account in the discrete model of the plant,
a value of 0 must be considered in tgy.

Finally, we click on “ok” button and proceed to tune the controller. With the sliders on
the right, you can tune the compensator as shown in Figure 17.

Fibe Design  Options  View Toch  Warehouse  Window — Help
DheSsFS BF Ao anc v EBEEBE »O0 D700
e TN EYE T eankBal s T AT T T e S A TS WS

P contren EliciEa 2d = 100 =

// PID parameters -

Mhva Tideg) /iCoefficients
—T b0 = Ep* (1+(Ta/ (2%T4) ) +{2d/Ts)}
bl = Ep* (~1+(Ta/(2%T1) ) -2% (Td/Te
*Td/Ts

.|/‘ //Discrete time transfer functic
9 = ;
Parameter vk <3l f)
3 =][s B

e

PR
3 |-127.657

0,7 48] va equency

6.7 (d8)
B2 suuwsagyzal

ERE m =l 1G(E)
L D‘Z(ﬁ 45,0081
Art{dE)
=204.863
; Vo fox e fimall sgnd. 011%) =
18 440
a8ft
of G el
34
3
3 iy EF:
s 1 F oo
= gl 3
25
28
=) 27|
H 28§
0 100 1k 10k mL ™ A0u [] Wy Au Wu 0u u
Frequencybiz) Tameds)
{Ready felHo) = 12055k PRMI) = 137651  [GMdE) = 450081  AnidE) = 204363 HUM

Figure 17: Tuning of compensator
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For this example, a crossing frequency of 3.6 kHz and a phase margin of approximately
32.5 ° have been selected. As a result, we have the following constants:

K, = 2.225
T, = 163.6

Ty =39.92 u

= e

File Dessgn  Options  View Tooks  Warshowse Wndow  Help =
- - — o 1 PID =
DhegFE B caan®aana sy BdBEBE »"0DFE P PACamears
o - e - e e T AR T %5 s e o v % it e | e = 2.225
— Ti = 163.6u
P conteis o |[& 5] Td = 39.92 u
flceefficients
.7 (8] vs hecuency Ml Ti |
= Ll b0 = Kp* (14(Ta/ (2T1) ) +(Td/Ta) ) &l
A Bl = Ep* (=14 (Ta/(2%%1)) =24 (Td/T:
= b2 = Fp*7d/Ts
al=1
al =-1
& a2z =0
g //Discrete time tramsfer fumctic
@ : 5 '
- Parameter Ve =
[ ][22 [reeseik
— "“"”_....‘_..
<3| |3:mm
1 n0zde T “] 1Bl6u MG(E)
0 ] Tk 10k 100k ™ T —— [Eex
FrequencyiHz) 22 aum
}S || ®2u ’Eﬁﬂ_
Sits Vo for eleserice shep fsmal sgnal 01%) —
[-—:]’—ﬂj 4u
|
—_—

6.7 [degd

0 100 1k 0k 100k M S0y o S0u im 15m 2m
FrecuencyfHa) Timeds)

Ready felHa) = 366561k [PhMI) = 325072 GM{dE) = 5074 Attide) = 219448 NUM

Figure 18: Compensator parameters
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4. Psim simulation

Once the regulator has been designed, the simulation of the control in psim is carried

out. In Figure 19 the schematic can be observed.

Buck [voltage mode controlled), single loop.

I

bk va T
w= = TER D e
= ¢
z-domain Transfer Function : TF_D1 Y
Parameters | Color |
T 2-amisin transhor Runction bodk Help | 1| Fpote
Display
Name TF_DL — -
" T o
Coeff. b..6N b0 bl b2 i
Coeff. all.aM 20 ol a2 x|
Sampling Frequency Framp =
- " |
sen (=1~ Gade
0.97"Vpp tdelay
A -y . —{ i o= — ik = yret
—= vearr

Figure 19: Psim schematic

liConverter parameters
vg=12

Vo=33

Fsw =250k
RLoad=08

rn=100u

L=30u

ESR=30m

C=160u

liSensor parameters
Hs=1
Fpole = 25k

IADC
Vmin_adc=0
Vimax_ade = 5
Nbits = 10
Fsamp = Fsw
Gadc = 204.0

IiDigital compensator
b0 = 24.457700488997 563
b1 = 46.60879951100245
b2 = 22.205500000000004
an=1

al=-1

az=0

tdelay = 850n

Virel_digital = Vo*Ks'Gede

IDpam

Vpp = 4.095k
Dramp =1
Vv=0
PhaseDelay = -8

From the parameters of the PID compensator, the coefficients of the transfer function

are calculated.

Ts

l
TS 2Td
bl:KP'[_Hz-Ti_ T, ]

T
b, =Kp- [Fd] = 22.205500000000004

N

The ADC gain is defined by:

2Npits — 1
Gage =
ade Vmax - Vmin

T,
+ Fd] = 24.457700488997563
S

= —46.60879951100245

Finaly, in Figure 20 you can see the transient response of the control against a load

perturbance.
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Figure 20: Transient response
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