
Definition: Control

… is the action of adjusting inputs to obtain desirable outputs.

Simplest control architecture:

This lecture requires existing knowledge in classical control theory and basic modern 
control theory, which you would have learnt from EEET 3046 Control Systems.

The “Control and power electronics” section of the Cyber Engineering Knowledge Base contains 
some relevant revision material tagged with “control”:

Definition: Power electronics

... is the study of electronic circuits intended to control the flow 
of electrical energy, or equivalently the conversion of electric 
power, and which handle power flow at levels much higher 
than individual device ratings.

In the definition above,
We can see three areas of electrical engineering: electronics, 
power, and control.

•
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some relevant revision material tagged with “control”:

In Lecture 4 “DC-DC step-down conversion”, we have witnessed the importance of control.
DC choppers using the calculated duty ratio cannot track the desirable output voltage exactly.•
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In general, control objectives include tracking a set output value and maintain good power 
quality to meet certain standards. 

Example 1: For switched-mode power supplies, the main objective is to track a constant DC 
voltage — with voltage variations contained within certain limits around the rated value —
irrespective of the load.

•

Example 2: Rectifiers usually impose a dual goal, namely to regulate the output voltage, while 
extracting a controllable reactive power.

•

Example 3: Stand-alone inverters are required to maintain output voltage and frequency 
irrespective of load conditions.

•

The mainstream approach to achieving control is model-based control. 
Given a system, describe the behavior of the system using a mathematical model.•
Power electronic circuits are intrinsically nonlinear due to presence of switches, diodes, 
potentially discontinuous currents, etc., but luckily models used for control purposes are 
generally simpler than those used for circuit design or simulation [BMB14, p. 3].

•

A controller is designed or synthesized based on the model.•
If the model is single-input single-output (SISO), then classical control is sufficient.•
If the model is multivariable (either multi-input or multi-output), then modern control
based on state-space techniques is necessary.

•

Usually linear control is sufficient [Kaz16, p. 398].•

Efficient control system development requires the support of model-based design tool.
See https://au.mathworks.com/solutions/power-electronics-control/power-electronics-simulation.html•
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The first step of control system design is of course modeling, which is a focus of this lecture.
This lecture focuses on modeling approaches specific to power electronics. We will start with 
differential-algebraic models (through Simscape Electrical), then continue to switched 
models, averaged models (equivalently, average models) [BSB14, p. 23].

•
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Above, large-signal models are models that are valid for all values of the state variables, 
whereas small-signal models are linearized models. A linearized model, also called a 
tangent linear model, is a model derived from a large-signal model using the DC and first-
order terms of the Taylor’s series expansion of the large-signal model about some operating 
point.

This is why the further away the system states are away from the operating point, the less 
accurate the small-signal model is.

The choice of model informs the choice of control scheme and vice versa [BSB14, p. 23].  •
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We will only use linear control schemes in this lecture, so our focus is small-signal averaged  
models. We cover switched models because they are the most intuitive and accurate.

The linear control system design methods used here are covered in EEET 3046.•
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In general, Simscape Electrical models are a set of differential-algebraic equations (DAEs).

A set of DAEs in fully implicit form takes the form

 
    ,  ,     ,
   ,     ,

where the second equation represents a set of algebraic equations that have no derivatives 
of the dependent variables (namely  ). 

We will actually not be looking at any differential-algebraic equation here. Instead, we will be 
learning how to use DAE models through Simscape Electrical.

This section is based on an earlier version of MathWorks’ webinar entitled “Part 4: Voltage 
Control Design”, as part of their “How to Develop DC-DC Converter Control in Simulink” 
webinar series.

Latest source files are available from File Exchange, but they have bugs.•
Old source files work better but are no longer available online except learnonline; we are 
using these in the following discussion.

•

2.1 Open loop

The Sepic_new_openloop model looks like this:

2. DAE model and 
PID control
Tuesday, 25 May, 2021 5:52 AM
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Notice the switch model is greatly simplified model (but not idealized, because it is specified to 
have an on-state resistance of 0.0011  ).

The SEPIC DC/DC converter has not been covered in this course yet, but here is a quick 
introduction.

SEPIC is one of the classical converters (see Lecture 4).•
It has the same function as the buck-boost (see Lecture 5), i.e., it can produce a voltage that is 
either greater or less than the input, except without polarity reversal.

•

Even the input-output voltage relationship is the same as that of the buck-boost, i.e.,
  

  
    

 

   
     ,   

  

     
       

•

However, it does require one more inductor and one more capacitor than the buck-boost for 
a smoother output.

•

Suppose we are after an output of 20 V from an input of 12 V, the required duty cycle is   
  

     
            Using a fixed duty cycle of 0.625 in an open loop results in the following output 

voltage curve, that not only fails to track 20 V, but also has an excessive overshoot.
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Let us fix this problem using a proportional-integral (PI) controller (see knowledge base 
entry).

Quiz

Let us have a quick refresher of the basic concepts of PID control:
What are rise time, settling time and overshoot?•
The P term of a PI controller is for decreasing rise time and which other performance 
measure?

•

What is the main purpose of using the I term, and what undesirable side effects does it tend 
to cause?

•

The next two subsections are dedicated to closed-loop control.

2.2 Closed loop (state space)

The Sepic_new_closedloop_tune model looks like this:
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Within the MCU block, there is a Software block, and within the Software block, there is a 
Discrete PID Controller block:

The Discrete PID Controller block comes 
preconfigured as a PI controller, with some 
manually preset gain values  

Out of the box, tracking works, but the 
output response looks overdamped, and 
can use some improvement, through 
tuning of the PI controller  
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Clicking on the “Tune…” button in the 
dialog box above will open the PID 
Tuner app and trigger linearization of 
the circuit model.

However, linearization will fail  
due to discontinuity in the circuit 
(caused by switching).

Older versions of the app displayed 
the message “Plant cannot be 
linearized” whereas the current 
version  R    b  displays “PID Tuner 
could not find an initial stabilizing 
controller   ”

To work around this expected failure, activate 
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To work around this expected failure, activate 
the PID TUNER tab and choose Identify New 
Plant — a process that will generate a linearized 
model based on simulation-based input/output 
data.

This is a mathematical process that falls under 
the umbrella of system identification.

System identification is so widely useful, as 
attested by a 2017 industry survey [Sam17] that 
ranks system identification as the third most 
impactful control technology, after “PID control” 
and “Model predictive control” 

For the purpose of this course, let us treat system 
identification as a black-box algorithm.

After clicking Identify New Plant, the PLANT 
IDENTIFICATION tab will be activated.

We need to run a simulation of the model to extract 
input and output (I/O) data, so go to the PLANT 
IDENTIFICATION tab, and choose Simulate Data 
to activate the SIMULATE I/O DATA tab.

There is no I/O data we can import anyway.

The process
disconnects the PID controller from the feedback 
loop;

•

requires the plant input  to be specified (see 
below);

•

collects the control error  , through simulation,
as would have been seen by the controller.

•

Note:
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Note:
control error = set-point  
plant output. 

•

control error  plant output.•

The set-point (i.e., duty ratio)
already exists in the circuit 
model.

For specifying  , the default 
onset lag is chosen to be half of 
the simulation time.

After specifying  , click Run Simulation.

Output suggestive of a second-order (or 
higher) system can be expected  

Click Apply to apply system 
identification to the I/O data.

Clicking Close in the SIMULATE I/O 
DATA tab will bring us back to the 
PLANT IDENTIFICATION tab.

The PLANT IDENTIFICATION tab shows 
we can treat the model to be estimated 

The default offset is 0, but let us specify the initial duty ratio as 0.1 and the final duty ratio as 
0.9 (thus A=0.9-0.1=0.8 below), within the extremes.
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The PLANT IDENTIFICATION tab shows 
we can treat the model to be estimated 
as either a transfer function (one to three 
poles) or a state-space model.

Quiz

Why can we not assume the 
model to be a first-order 
transfer function, or a 
second-order transfer 
function with two real 
poles?

A state-space model is more 
general, so let us try 
estimating a state-space 
model. 

Click Configure Structure, and specify the state-
space model structure as shown  

The Plant Order option “Pick best value in the range” 
means a range of state-space models will be 
estimated. 

The input “ : ” means a  nd-, a 3rd-, …, a  th-order 
state-space model will be estimated — a total of 5 
state-space models will be estimated.

Clicking the Estimate menu item triggers model 
estimation.

The plot shows the Hankel singular 
values for models of different orders; the 
lower the value, the better fitting the 
model is, but notice the trend of 
diminishing return.

A default choice is suggested in the plot, 
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model is, but notice the trend of 
diminishing return.

A default choice is suggested in the plot, 
but rather than the default choice, 
choose the highest order above which 
there is no significant improvement in the 
fit, to avoid overfitting.

The principle of parsimony advises 
against overfitting by preferring a model 
of lower order whenever its fit is good 
enough [DDS14].

Seeing order 5 gives a more significant 
improvement to order 4, than order 6 
does to order 5, we should choose order 5.

Choosing and applying order 5 will result 
in an estimated 5th-order state-space 
model with a fit of 99.35%  

The line “Status: Estimated using SSEST” 
suggests the estimator ssest was used.

Commensurate with the high percent fit of 
the model, the step response of the 
estimated model can be seen to overlap 
with the identification data  

Click Apply to apply the estimated model.

Clicking Apply will bring us back to the PID TUNER tab, but if not manually activate the tab.

By default, a Reference tracking step plot will be shown, but disturbance rejection is also of 
interest, so choose Input disturbance rejection as shown  

An example of input disturbance is the fluctuation in the input voltage.
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A reasonable PI design can 
be achieved by increasing the 
robustness of the transient 
behaviour.

Notice I gain is higher and P 
gain is two orders of 
magnitude higher:
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Click Update Block will update the Discrete 
PID Controller block with the new P and I gain 
values shown above.

Warning: Delay is substantial in R2022a.•

Running a fresh simulation of the model with 
the updated PID controller will show a slightly 
improved transient response.

If specified according to the screenshot 
below, the PID controller will be saved in a 
variable called Css5, while the estimated 
model will be saved in a variable called 
Plant1.

The estimated state-space model and tuned 
controller gains can be saved using the 
Export menu item under Update Block.

For a more quantitative comparison, we can use the MATLAB function stepinfo to get the 
timing characteristics of the step responses before and after controller tuning.

Note improved disturbance rejection ☝ 

 and note reduced overshoot (less than 5%) and reduced 
settling time.
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We should see what the 5th-order state-space model Plant1 looks like:

>> Plant1

Plant1 =
  Continuous-time identified state-space model:
      dx/dt = A x(t) + B u(t) + K e(t)
       y(t) = C x(t) + D u(t) + e(t)

  A = 
              x1         x2         x3         x4         x5
   x1     -174.4      -1063     -305.6       4840      -1691
   x2     -77.81      269.6      -2875  3.544e+04       9632
   x3      23.34       1955     -283.5       1819      -1945
   x4     -16.56      7.572        -12     -14.66  8.551e+04
   x5    0.07921     -2.086    -0.3467     -268.6  -3.91e+05

  B = 
       Input (u)
   x1  3.347e+05
   x2  1.059e+06
   x3  2.117e+05
   x4  -5.44e+06
   x5  2.486e+07

  C = 
                      x1         x2         x3         x4         x5
   Output (e)  -0.004232  0.0005997  -0.002232    -0.0685   -0.01472

  D = 
               Input (u)
   Output (e)          0

Some entries are many orders of magnitude larger than the others, e.g., the 5th column of the A 
matrix and the B matrix.

Such a model is called unbalanced, and is not robust — a controller designed against such a 
model tends to behave quite differently on the actual system, and a slight change in the actual 
system can have significant impact on control performance.

There are ways to balance a model, e.g., using the function balreal.
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The function balreal uses Gramian matrices to transform a model from an unbalanced 
representation to a balanced representation.

Using balreal requires us to break off from the online tuning method of PID Tuner.

2.3 Closed loop (transfer function)

In the previous subsection, we estimated a state-space model for the system. An equivalent 
valid approach is estimating a transfer function. 

In an earlier quiz, you would have got the idea that only two transfer function types recognized 
by PID Tuner are applicable, namely “Underdamped Pair” and “Underdamped Pair   Real Pole” 
applicable.

Let us try “Underdamped Pair” in the PLANT 
IDENTIFICATION tab. If the fit for this model 
is good enough, there is no need to add a 
third pole  

Subsequently choosing the Initialize and 
Estimate menu item will kick start the model 
estimation process  

The resultant fit is above 97% — indication of a good model.

   Lecture 6 Page 20    

onenote:#1.%20DAE%20model&section-id={9C3C61DD-CE75-4D84-86A7-B217683600DA}&page-id={148B3240-C678-4E78-8E20-85B49983661C}&object-id={0EA43997-12DE-4E1C-AFF6-F783C390C53F}&77&base-path=https://mymailunisaedu.sharepoint.com/sites/STM_EEET30162022/SiteAssets/STM_EEET%203016%20(2022)%20Notebook/_Content%20Library/Lecture%206.one


Click Apply and go back to the PID TUNER tab. The initial tuning result looks good enough, but 
can be slightly improved  

Unsurprisingly, the closed-loop response 
resembles the previous  

The tuning result and closed-loop 
responses are close to the previous 
results, even though we only used a 2nd-
order model, rather than a 5th-order. 
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The 2nd-order transfer function is more balanced than the 5th-order state-space model —
considering this and tuning results, for this SEPIC converter, a 2nd-order transfer function is 
preferable.

Recall the principle of parsimony — if a lower-order model provides just as good model 
accuracy as a higher-order model, the lower-order model should be preferred. 

However, keep in mind both models are empirical and linearized models, so both are limited.

One more thing before we wrap up: the PI controller gains can be further manually fine-tuned.

resembles the previous  responses are close to the previous 
results, even though we only used a 2nd-
order model, rather than a 5th-order. 

This implies the circuit is dominated by 
2nd-order dynamics.

The second-order transfer function can 
be studied after it is exported to the 
workspace: 

>> Plant2

Plant2 =
Process model with transfer 
function:
                  Kp                 
  G(s) = ---------------------       
         1+2*Zeta*Tw*s+(Tw*s)^2      
                                     
         Kp = 1.9827                 
         Tw = 0.0050478              
       Zeta = 0.68674

Above, Tw is the inverse of the natural 
frequency, called the natural period.

Zeta ( ) is of course the damping ratio.

Doubling the PI gains leads to a visibly 
shorter settling time  

However, increasing the gains 10-fold leads 
to an excessive overshoot suggestive of 
integrator windup  
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Increasing the PI gains 4-fold, but coupled 
with a back-calculation anti-windup of back-
calculation gain 50k (yes, that high) leads to 
a slightly improved response than before.

 The knowledge base entry on PID control 
has details on anti-windup.

Considering the additional complexity, the 
smaller PI gains above maybe preferred.

Changing the set-point to 15 V and then to 25 V gives us the step responses below:
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In general, a unique linear controller is not likely to maintain control performance (dynamic 
response, stability, etc.) for the entire operating range [BMB14, Sect. 7.2].

Solutions include gain scheduling, i.e., adapting gain values to the operating point, which 
requires the gain values to be predesigned for optimal operation at select operating points 
prior to deployment.

Closed-loop system robustness and sensitivity to parameter variations is an open issue in 
power electronic converter control [BMB14, Sect. 7.2].
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Power electronics is defined by the switching action — whenever a switch turns on or off, the 
circuit topology changes, and the differential equations describing the circuit change 
accordingly.

In other words, whenever a switch turns on or off, the model switches from one set of 
differential equations to another set of differential equations — hence the name switched 
model.

•

A set of differential equations in this context is called a configuration.•

We shall introduce the method of switched 
models through an example based on the 
boost converter [BSB14, pp. 36-39].

One switch  two configurations.

Define    
 , switch   is turned on 
 , switch   is turned off 

 is called the switching function.

Configuration 1: When the switch is closed, i.e., 
   .

KVL gives us

 
   
  
        

  
 

 
  ,

using Lagrange’s notation for differentiation 

KCL gives us

      
  

 
         

  

  
    

state equation:

 
  
 

   
 

 
  

  
  

  
 

  
   

 

       
             

 
  
 

  
 

 
 

  
 

 
  

 

 

 
            

  
 

 

Configuration 2: When the switch is open, 
i.e.,    .

Define state vector as         
 

, then

3. Switched model
Friday, 21 May, 2021 10:49 PM
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Configuration 2: When the switch is open, 
i.e.,    .

KVL gives us

   
         

   
  

 
    

 

 
   

KCL gives us

      
  

  

 
      

  
  
 
   

  

  
    

State equation:

 
  
 

   
  

 
 
 
   

 

 
  

 

 
   

 

  
   

 
 
 
 

 
  
  

   
 

 
  

 

   
 The terms in red are unique to Configuration 2.

An obvious way to combine the state equations for Configurations 1 & 2 is to write the state 
equation as

 
  
 

   
  

 
 
 
   

 

 
       

 

 
        

 

  
   

 
 
 
 

 
  
  

   
 

 
  

 

 ,

which gives us the Configuration-1 state equation when    , and the Configuration-2 state 
equation when    .

The equation above looks like a linear state equation, but the  terms make the state equation 
nonlinear.

If we rewrite the state equation above as

 
  
 

   
  

 
 
 
   

 

 
  

 

 
   

 

  
   

 
 
 
 

       
 

 
  
  

  

 
 
 
  

 

 
  

 
 

 
   

 

  
   

 
 
 
 

         
 

 
  
  

    
 

 
  

 

 

 
 

,

the state equation now has the bilinear form:

                 

 

   

   

What we have done above is deriving a switched model, which is intuitive, but controller 
design is not straightforward.

We will continue with averaged models, which are not as intuitive, but they facilitate more 

The bilinear form is useful because 
it can be linearized, and once 
linearized, it can be used for linear 
controller design [BSB14, Sect. 
3.1.2].

If not linearized, it can be used for 
variable-structure controller 
design, e.g., sliding-mode 
controller design.
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We will continue with averaged models, which are not as intuitive, but they facilitate more 
straightforward linear controller designs. 
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The approach of averaged modeling 
dates back to the 1970s (see [BSB14, p. 
56], [WM73]).

Averaged modeling focuses on 
capturing the low-frequency behavior 
of power electronic converters, while 
neglecting high-frequency variations 
due to circuit switching.

This is consistent with the fact that 
most converters come with filters for 
limiting current and/or voltage 
ripples.

Averaged models are continuous-time
models. We will also be investigating 
the discretized versions of averaged 
models (maybe next year).

Let us explore the nature of averaging before 
we derive any averaged model.

When applied in practice, sliding average
(equivalently, moving average or local 
average) is more practical than overall 
average.

 Consider this not necessarily cyclic signal 
called     , where  denotes the width of the 
sliding window.

The sliding average of     , denoted

      
 
   , is defined as

(4.1)
      

 
    

 

 
         

 

   

 

Subscript  denotes zeroth-order harmonic.•
In generalized averaged models, designed to 
handle averages of higher-order harmonics, 

•

In this lecture, we will use the definition in 
(4.1), and omit the subscript for clarity.

A fundamental property of the sliding 
average is

(4.2)  

  
             

 

  
           

4. Averaged model
Saturday, 22 May, 2021 3:09 PM
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Subscript  denotes zeroth-order harmonic.•
In generalized averaged models, designed to 
handle averages of higher-order harmonics, 
the definition in (3.1) is extended to kth-
order sliding harmonic, defined as 

      
 
    

 

 
               

 

   

 

•

Some authors [EM20] define the sliding 
average with respect to the switching 

period, and use the notation       
 

where 

the subscript  denotes the switching 
period.

•

Let us see how we can apply averaging to modeling 
the effect of switches.

The output voltage,  , of the adjacent circuit can be 
written as

     ,
because when    ,    , and when    ,     
When averaged,

          
When  is constant,

          
When  is not constant but only has a small ripple,

            

Applying (4.2), we get
For the inductor,

       
     

  
            

 

  
      

For the resistor,
                      

For the capacitor,

       
     

  
            

 

  
      

average is

(4.2)  

  
             

 

  
           

i.e., time-differentiation and slide-averaging 
are commutative.

Therefore, the general state equation
         ,  ,   

is equivalent to
 

  
                ,  ,        

Example 4.1

After laying down some groundwork, we shall 
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The differential equations above are nonlinear because of the products          and 

         .

Before we can proceed with linear controller design, the differential equations need to be 
linearized. 

4.1 Linearization

Linearization refers to the linear approximation of a model in the neighborhood of a chosen 
operating point using Taylor’s series expansion  

Linearization is explained in detail in EEET 3046 Control Systems. The coverage here serves 
only as a revision.

Consider the continuous-time state-space equations:

            ,        
       ,      

 
       ,      

 ,

           ,      ,

and let      be an input that leads the system to equilibrium state/point   , i.e.,

       ,    ,    ,

Example 4.1

After laying down some groundwork, we shall 
now introduce the method of averaged models 
through an example based on the buck-boost 
converter [BSB14, Sect. 4.6].

Define the switching function as

   
 , switch   is turned on 
 , switch   is turned off 

KVL gives us
   

                

   
   

 

 
     

 

 
          

 

 
    

    
    

 

 
       

 

 
            

 

 
    ,

where  is the duty ratio.

KCL gives us
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             ,      ,     ,

where  is a nonlinear but linearizable function.

Equilibrium state     

… is by definition the state in which system has zero   . If not explicitly specified, the system 
input  is assumed to be zero when the system is in its equilibrium state.

The linearized state equation is given by

(4.3)
       

  

  
    

    
    

      
  

  
    

    
    

     ,

where              ,              , 
  

  
  and 

  

  
  are Jacobians.

A Jacobian is the multivariable equivalent of a scalar derivative, defined as•

(4.4)

  

  
    

 
 
 
 
 
 
   
   
    

   
   
   

   
   
   
    

   
   
   

 
 
 
 
 
 

 

We follow [Kel13] to call 
  

  
  and 

  

  
  the state Jacobian and input Jacobian respectively, 

although these terms are curiously uncommon.

•

Rejoining the example of the buck-boost converter from earlier, let us see how we can linearize 
the equations in Example 3.1.

Example 4.2

Define the state vector as             
 

, then

   
       ,     

 

 
       

 

 
            

 

 
    ,

   
       ,    

 

 
            

 

  
        

Next comes the important realisation that  can be treated as a constant — with any change to 
it treated as a disturbance — while  should be treated as an input.

The equilibrium states are such that 

            
 
            ,

            
 
 
      

 
       

 
              

Substituting     
 

             into
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Thus given the equilibrium duty ratio   , the equilibrium     and     are
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The Jacobians are readily derivable:
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Therefore, the linearized state equation is

    

 
 
 
  

 

 
  

    

 
      

    

 
       

 

  
   

 
 
 
 

   

 
 
 
 
     

 

 
      

 

 
  

 
     
 

    
 
 
 
 
 

   

Verify the above in [BMB14, (4.36)-(4.38)].

The manual derivation above can be efficiently computerized using the Symbolic Math 
Toolbox. See accompanying Live Script for code.

A linearized state equation can be converted to 
a transfer function for linear controller design 
methods such as those based on root locus and 
frequency response.

Given linearized state-space equations for a 
SISO model:

           ,
      ,

the transfer function is given by

(4.5)                 
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