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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. In this case, a typical buck converter in voltage mode 
will serve as an example to demonstrate the SmartCtrl capabilities to design a digital 
control considering the sampling, modulator effects and delays.  
Along the tutorial, several aspects will be highlighted: 

• A brief review of the main considerations to take into account when designing 
the digital control. A small signal discrete-time model of buck converter is 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. 

• 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 converter in 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 converter is shown in Figure 1. 

 
Figure 1: Buck converter: digital voltage-mode control  

 
The main specifications are the following: 
 𝑉𝑉𝑔𝑔 = 12 𝑉𝑉, DC input voltage.  

  𝑉𝑉𝑜𝑜 = 3.3 𝑉𝑉, output voltage. 
  𝐹𝐹𝑠𝑠𝑠𝑠 = 250 𝑘𝑘𝑘𝑘𝑘𝑘, switching frequency. 
  𝐼𝐼𝑜𝑜 = 4.125 𝐴𝐴, output current. 
The output LC filter components are:  
 𝑟𝑟𝐿𝐿 = 100 𝜇𝜇Ω. (Inductor equivalent series resistance) 
  𝐿𝐿 = 30 𝜇𝜇𝜇𝜇. 
 𝐸𝐸𝐸𝐸𝐸𝐸 = 30 𝑚𝑚Ω. (Capacitor equivalent series resistance) 
  𝐶𝐶 = 160 𝜇𝜇𝜇𝜇. 
The voltage sensor parameters are: 
 𝐾𝐾𝑠𝑠 = 1 , gain. 
 𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 25 𝑘𝑘𝑘𝑘𝑘𝑘 , pole frequency. 
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The first step is to define the state-space representation. 

�

𝑑𝑑𝑖𝑖𝐿𝐿
𝑑𝑑𝑑𝑑
𝑑𝑑𝑣𝑣𝑐𝑐
𝑑𝑑𝑑𝑑
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When the subscript “x” is equal to 1, it represents the state “on” and 0 represents the 
state “off”, therefore you get: 
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The following discrete model considers the digital delay and type of modulation. In this 
example the sampling frequency 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is equal to switching frequency 𝐹𝐹𝑠𝑠𝑠𝑠. 

 
Figure 2: Trailing-Edge Modulation 

Where:  

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

𝑁𝑁𝑟𝑟: represent the number of steps. 
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The following expressions let us to construct the discrete small-signal matrices:  

Φ = 𝑒𝑒𝐴𝐴𝑜𝑜∙(𝑇𝑇𝑠𝑠−𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ∙ 𝑒𝑒𝐴𝐴1∙𝐷𝐷∙𝑇𝑇𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝐴𝐴0(𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐷𝐷∙𝑇𝑇𝑠𝑠𝑠𝑠) 

Υ =
𝑇𝑇𝑠𝑠
𝑁𝑁𝑟𝑟

∙ 𝑒𝑒𝐴𝐴𝑜𝑜∙�𝑇𝑇𝑠𝑠−𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� ∙ 𝐹𝐹↓ 

𝛿𝛿 = 𝐶𝐶0 
𝐹𝐹↓ ≜ (𝐴𝐴1 ∙ 𝑋𝑋↓ +𝐵𝐵1 ∙ 𝑉𝑉) − (𝐴𝐴𝑜𝑜 ∙ 𝑋𝑋↓ +𝐵𝐵0 ∙ 𝑉𝑉) 

𝑋𝑋↓ = �𝐼𝐼 − 𝑒𝑒𝐴𝐴1∙𝐷𝐷∙𝑇𝑇𝑠𝑠𝑠𝑠 ∙ 𝑒𝑒𝐴𝐴0∙𝐷𝐷′∙𝑇𝑇𝑠𝑠𝑠𝑠�
−1
∙ �−𝑒𝑒𝐴𝐴1∙𝐷𝐷∙𝑇𝑇𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴0−1 ∙ �𝐼𝐼 − 𝑒𝑒𝐴𝐴0∙𝐷𝐷′∙𝑇𝑇𝑠𝑠𝑠𝑠� ∙ 𝐵𝐵0 −𝐴𝐴1−1 ∙ (𝐼𝐼 − 𝑒𝑒𝐴𝐴1∙𝐷𝐷∙𝑇𝑇𝑠𝑠𝑠𝑠) ∙ 𝐵𝐵1� ∙ 𝑉𝑉 

In order to operate with the above expressions, it is necessary 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 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0 and 𝑁𝑁𝑟𝑟 =
1. As a result, the following discrete transfer function is obtained: 

𝐺𝐺𝑣𝑣𝑣𝑣(𝑧𝑧) =
0.08763 ∙ 𝑧𝑧 − 0.04781
𝑧𝑧2 − 1.993 ∙ 𝑧𝑧+ 0.996 

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

=
𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ∙ 𝑉𝑉𝑔𝑔 ∙ (𝐶𝐶 ∙ 𝐸𝐸𝐸𝐸𝐸𝐸 ∙ 𝑠𝑠 + 1)

[𝐶𝐶 ∙ 𝐿𝐿 ∙ 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐶𝐶 ∙ 𝐿𝐿 ∙ 𝐸𝐸𝐸𝐸𝐸𝐸] ∙ 𝑠𝑠2 + [𝐿𝐿 + 𝐶𝐶 ∙ 𝑟𝑟𝐿𝐿 ∙ 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐶𝐶 ∙ 𝐸𝐸𝐸𝐸𝐸𝐸 ∙ 𝑟𝑟𝐿𝐿 + 𝐶𝐶 ∙ 𝐸𝐸𝑆𝑆𝑆𝑆 ∙ 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ] ∙ 𝑠𝑠 + 𝑟𝑟𝐿𝐿 + 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
 

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

 
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 (𝑇𝑇𝑠𝑠). The script of both transfer function is in Figure 4. 

Clic on
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Figure 4: z-transform in equation editor 

Clicking on the “Compile” button opens a dialog box in which you can enter the sampling 
period (𝑇𝑇𝑠𝑠). 

 
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 (𝐺𝐺𝑣𝑣𝑣𝑣) falls more sharply than the transfer function that 
is defined in frequency domain (𝐺𝐺𝑣𝑣𝑣𝑣). Therefore, for this example we will use the discrete 
transfer function in order to design the compensator because it is the most restrictive 
situation. 

 
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" that is in the section “design a generic control 
system”. 

 

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 (𝑇𝑇𝑠𝑠), click on “Compile” button. After we insert the switching 
frequency. In the "end frequency" box we will enter the Nyquist rate that corresponds 
to half of the switching frequency, as it is shown in Figure 8. 
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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) 

 

Figure 9: Sensor transfer function  

We enter half of the switching frequency

Switching frequency

another way to insert the coefficients

Pole frequency
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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 𝑇𝑇𝑠𝑠 we can do it in this part of the design or 
later, since it will be updated for all the sections. 

 
Figure 10: Sensor (equation editor) 

Then you choose the digital option. 

 
Figure 11: Digital option 
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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". 

 
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: 

𝑅𝑅(𝑧𝑧) =
𝑏𝑏0 ∙ 𝑧𝑧2 + 𝑏𝑏1 ∙ 𝑧𝑧 + 𝑏𝑏2
𝑎𝑎0 ∙ 𝑧𝑧2 + 𝑎𝑎1 ∙ 𝑧𝑧+ 𝑎𝑎2

 

𝑏𝑏0 = 𝐾𝐾𝑝𝑝 ∙ �1 +
𝑇𝑇𝑠𝑠

2 ∙ 𝑇𝑇𝑖𝑖
+
𝑇𝑇𝑑𝑑
𝑇𝑇𝑠𝑠
� 

𝑏𝑏1 = 𝐾𝐾𝑝𝑝 ∙ �−1 +
𝑇𝑇𝑠𝑠

2 ∙ 𝑇𝑇𝑖𝑖
−

2 ∙ 𝑇𝑇𝑑𝑑
𝑇𝑇𝑠𝑠

� 

𝑏𝑏2 = 𝐾𝐾𝑝𝑝 ∙ �
𝑇𝑇𝑑𝑑
𝑇𝑇𝑠𝑠
� 

𝑎𝑎0 = 1 
𝑎𝑎1 = −1 
𝑎𝑎2 = 0 

Where: 
𝐾𝐾𝑝𝑝: is the proportional gain. 

𝑇𝑇𝑖𝑖: is the integral gain. 
𝑇𝑇𝑑𝑑: is the derivative gain. 
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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 will be tuned later. 

 
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. 

 

Figure 15: Choosing “ADC and DPWM” option  

 

ADC panel: 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚: minimum voltage the ADC is able to read, used to calculate its gain. 
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚: maximum voltage the ADC is able to read, used to calculate its gain. 
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏: number of bits of the ADC to represent the analog input value. 
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: sampling frequency of the digital regulator.  

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: it 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 trailing edge 
and duty cycle equal to 0.275.  



                                   Designing a Digital Control in z-domain 

- 15 - 

Designing a Digital C ontrol in z-domain V 3.0 – December 2018 www.powersmartcontrol.com 

 

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 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. 

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. 

 
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: 

𝐾𝐾𝑝𝑝 = 2.225 

𝑇𝑇𝑖𝑖 = 163.6 𝜇𝜇 
𝑇𝑇𝑑𝑑 = 39.92 𝜇𝜇 

 
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.  

 

Figure 19: Psim schematic 

From the parameters of the PID compensator, the coefficients of the transfer function 
are calculated. 

𝑏𝑏0 = 𝐾𝐾𝑝𝑝 ∙ �1 +
𝑇𝑇𝑠𝑠

2 ∙ 𝑇𝑇𝑖𝑖
+
𝑇𝑇𝑑𝑑
𝑇𝑇𝑠𝑠
� = 24.457700488997563 

𝑏𝑏1 = 𝐾𝐾𝑝𝑝 ∙ �−1 +
𝑇𝑇𝑠𝑠

2 ∙ 𝑇𝑇𝑖𝑖
−

2 ∙ 𝑇𝑇𝑑𝑑
𝑇𝑇𝑠𝑠

� = −46.60879951100245 

𝑏𝑏2 = 𝐾𝐾𝑝𝑝 ∙ �
𝑇𝑇𝑑𝑑
𝑇𝑇𝑠𝑠
� = 22.205500000000004 

The ADC gain is defined by: 

𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 =
2𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 1
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

 

Finally, 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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