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Abstract

PID controller is widely employed in industry due to its simplicity and precise control.
Lots of PID controllers are based on the pole placement method. However, the pole
placement method is complicated for designers. Thus, in this report, a new digital PID
controller is proposed to provide a simple PID controller with satisfactory performance.
The proportional term is designed to guarantee the stability of the original proportional
control system (without integral term and derivative term). The integral term is the same as
conventional integral term to achieve zero steady-state error tracking. The conventional
derivative term is replaced by a lead-phase compensator and it is connected with integrator
in series. Comparing with conventional PID controllers, the number of control gains are
reduced from three to two, which is easier to be designed. In addition, a tuning method for
the new digital PID controller is proposed to adjust the error convergence rate. A
numerical simulation example is implemented to test the performance of the new digital
PID controller, and it is compared with conventional pole placement method. Finally, the
new digital PID controller is employed on the DC-DC converters. The simulation results
are analysed, and the results obtained show that the new digital PID controller has desired

and satisfactory performance for DC-DC converters.
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1.Introduction

1.1. DC-DC Converters

The converters are power electronic circuit or electromechanical device which convert one
level of electrical voltage to the desired voltage level [1]. The dc-dc converters are popular
due to its high efficiency and small size. They are widely employed in switch-mode power
supplies and dc motor drive applications [2]. There are mainly five kinds of dc-dc
converters, Step-down (buck) converter, Step-up (boost) converter, Step-down/step-up
(buck-boost) converter, Cuk converter and Full-bridge converter. The buck and boost
converters are basic converter. Buck-boost converter and Cuk converter are composed by
two topologies. The full-bridge converter is derived from buck converter [3].

The control strategies are important to the DC-DC converters which are employed to
guarantee the output and performance of converters. There are many control strategies are
used on converters such as Sliding mode control, Fuzzy logic control and PID control [3].
The Sliding Mode (SM) control designs a sliding surface in state space, and a control law
is found to lead the trajectory of the system state to the sliding surface. In the end the
system will reach the equilibrium point [1]. The SM control is easy to be implemented and
the robustness is satisfactory. However, the converters which are controlled by SM are
suffered from switching frequency variation [1]. The Fuzzy Logic (FL) control is popular
in non-linear system, the first step is convert the input into a fuzzy set by using fuzzy
linguistic, linguistic variables and membership functions. Then the fuzzy set is dealed by
the fuzzy rule base and finally defuzzied by the defuzzier to create the control signals [3].
The FL control provides great robustness while the system is facing the time varying load,
and it is suitable for the non-linear and model unknown models. However, the rule base of
the FL control is based on the human experience, which is not reliable. The PID control
strategy is widely employed on DC-DC converters. The proportional part provides a
general control based on the error, the integral part guarantees the zero error tracking, and
the derivative part improves the robustness. The PID control is easy to be implemented
and the tracking performance is satisfactory. In this report, a new digital PID control
method is proposed and simulated on DC-DC converters.

In this report, the Buck, Boost and Buck-Boost converter will be modelled, and the new
digital PID controller will be employed to control the three kinds of converters above. The
topologies of the three kinds of converters are shown in Figure 1-1.

e l

[N
=]
Q

(a)
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Fig. 1-1. The Topologies of Buck, Boost and Buck-Boost Converters. (a) Buck Converter, (b) Boost
Converter, (c) Buck-Boost Converter.
The output voltages of DC-DC converters are required to be regulated, which means the
outputs are required to be fixed and stable [4]. The unregulated or undesired output
voltages will lead to unsatisfactory performance of converters. It is necessary to employ
controllers to enhance the efficiency and performance of converters. The error signal is
produced by comparing the output voltage with reference voltage, then the error signal is
sent into the controller to provide control signal, which is used to change the state of the

switch. Eventually the output voltage will track the reference voltage without any variation.

PID controllers are commonly employed in dc-dc converters due to its simple
implementation and it is reliable for linear systems. The pole placement method is widely
used to design PID controller. However, it is complicated especially for the high order

system.

1.2. PID Control

PID controller is by far the most widely used controller today [5]. The PID control system

is shown in Figure 1-2.
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Fig. 1-2. The Structure of PID Control System

where r(s), y(s)and d(s)are the reference input, output and disturbance respectively,

G, (s)denotes the plant.

It is divided into three terms, Proportional (P), Integral (I) and Derivative (D) term, which
are based on the present, past and future error respectively [5]. The proportional term is
proportional to the current value of error and it provides a general control action [6].
However, using proportional term alone will lead to a steady-state error between the output
signal and setpoint. To eliminate the steady-state error, the integral term is employed. The
integral term integrates the past values of error over time to produce control signal. If the
error exists, the integral term will keep working due to the historic cumulative value of
error. The integral term will cease to grow if the error is eliminated. So that the integral
term ensures the zero steady-state error tracking or eliminating of DC signal [7]. The
integral term brings large delay to the system due to the integrations. To offset the delay,
the derivative term is employed because of the 90-degree phase leading. In addition, the
derivative term estimates the future trend of the error by calculating the rate of error
change. It is so called the ‘“anticipatory control”. The derivative term will reduce the
control effect if the error changes smooth. The control effect will be greater is the error

changes rapidly.

The PID control is invented in 1910, numerous of design methods of PID controller are
proposed during the last ten decades. The Ziegler-Nichols [8] and Cohen-Coon [9]
methods are two basic methods which are based on the experience in manual tuning. These
two methods are mainly employed for the process which has large time delays such as
chemical process. In addition, these two methods provide unsatisfactory damping ratio [10]
and the stability criterions are not clearly described. Except the Z-N and C-C methods,
some model based PID design methods are proposed. Such as pole placement method [11],

dominant pole placement method [12, 13], Haalman method [11, 14], gain and phase
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margin-based design methods [15-17]. The pole placement method allows the designers to
place the poles of the closed-loop system in desired locations by adding a controller, so
that the dynamics of the system is desired. However, the arbitrary pole placement is
difficult to achieve if the plant is high-order and the controller is low-order. To overcome
this problem, the dominant pole placement is proposed [12, 18]. The idea behind the
dominant pole placement method is putting two closed-loop poles into dominant region,
and the other poles are outside the region [12]. A conventional dominant pole placement
method is proposed [19]. It is based on the simplified model of plants. However, the
dominance of the chosen poles cannot be guaranteed. In addition, this method will lead to
instability of the closed-loop system if not well handled. In the light of above, the pole
placement method is complicated or even unavailable for the high-order system. Haalman
method can be considered as pole-zero cancel method. It provides a controller which is
able to cancel the poles and zeros of the process to achieve desired performance and
dynamics. The drawback of Haalman method is that all the poles and zeros of the process
are cancelled, which may cause the losing of controllability of controller, which means the
controller will not able to reduce the error [5]. It is known from classical control that the
phase margin is related to the damping of the system, the gain margin and phase margin
can be considered as a performance measure. The gain and phase margin-based method
provides a controller to satisfy the gain margin and phase margin criteria of a closed-loop
system [17]. However, it is complicated to express the gain and phase margins of the
system. In the light of above, the stability criterion and tuning method for conventional
PID controller are associated to three control gains, which are complicated and hard to

obtain.

In this report, a new digital PID controller is proposed. The topology is equivalent as
conventional PID controller. However, comparing with conventional PID controller, it is
much easier to be designed. The derivative term of this new digital PID controller is
replaced by a lead-phase compensator, which is able to provide leading phase. It is
connected to the integral term in series instead of paralleling. Such a lead-phase
compensator can be considered as a general derivative term. The lead-phase compensator
is based on the pole-zero cancellation method. It simplifies the derivation of stability
criterions. The stability criterions of the system with new designed PID controller is
derived. In addition, a tuning method is proposed to provide the guide to adjust the error
convergence rate. Finally, some simulations are implemented to show the performance of

the new digital PID controller.
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1.3. Organization of Report

The rest of this report is organized as follows: Section 2 is the design method of new
digital PID controller. Section 3 shows the design process of the new design digital PID
controller, including the structure, the stability criterion and a tuning method. Section 4

shows the modelling of converters and some simulations. Section 5 is the conclusion.
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2. New Digital PID Controller

2.1 Introduction

In this chapter, the new digital PID controller is introduced, including the structure, the
derivation of stability criterion and the tuning method for error convergence rate. The
number of control gains of the new digital PID controller is reduced from three to two. So
that the complexity of design can be reduced. In addition, a numerical model simulation

will be implemented to test the performance of the new digital PID controller.

2.2 The Topology of the New Digital PID Controller

The Laplace transform of the conventional PID controller is expressed as:
1
G (s)=K,+K,—+K;s (2.1)
s

where K, , K, and K, represent the proportional, integral and derivative gains

respectively, 1/s denotes the integrator and s is the differentiator. The structure of

conventional PID control system is shown in Figure. 1-2. The expression of conventional

PID controller can be equivalent as:

1 K, +K,s’

G,(s)=K,+K,~( ) (2.2)
S

1

where G, (s)= (K, + K, .s2)/K, . The G (s) is a lead-phase compensator which is

employed to provide lead phase to compensate the phase delay of the system.
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The conventional derivative term provides 90-degree leading phase to offset the phase
delay produced by integrator. The damping ratio and robustness of the system can be
improved. The conventional derivative term can be considered as a lead-phase
compensator which provides 90-degree leading phase to improve the robustness and
transient dynamics, so that a lead-phase compensator which is able to provide leading

phase can be considered as a general derivative term.

The structure of the equivalent PID control system is shown in Figure. 2-1. In the new

digital PID controller, the lead-phase compensator G, (s) is based on pole-zero

cancellation method, and it is related to the process. The conventional derivative term is
replaced by the lead-phase compensator, and it is combined with integrator in series to

form a new integral term G, (s). K,denotes the control gain of the new integral term.

K, > s > G.(s)

UONR oyt G, (5) )

\4
=

Fig. 2-1. The Structure of Equivalent PID Control System

Comparing with conventional PID control system, the equivalent PID control system is
easier to be designed. For conventional PID control system, the three control parameters

(K,,K;and K ) makes the design complicated. However, the number of control elements
is reduced from three to two (K ,and K) for the new digital PID controller if the lead-

phase compensator is fixed. The complexity of designing is eased.

With advances in digital technology, PID control systems are usually implemented in the
digital form. Euler method is a feasible method which is used to transfer the differential
equation of continues time domain to difference equation of discrete time domain. The

discrete integrator can be obtained as 7,/(z—1) by using Forward Euler method. The

equivalent PID control system is transferred into digital form which is shown in Figure. 2-

2.
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2.3 Stability Criterion and The Lead-Phase Compensator

The new integral term is composed by a conventional digital integrator, the integral gain

and a lead-phase compensator. The expression of the new integral term is:

G/()=K, = G,(2) 23)

K, denotes the control gain of the new integral term, G, (z) is the lead-phase compensator

which is employed to replace the derivative term and provide leading phase. According to

Fig. 2-2, the output of the digital PID control system is:

Kt GEEE  [1+K,G,()]
YOG ene P Gene 1O o

where H(z)is designed as:

PN AC
(Z)—m (2.5)
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G,(z) denotes the new digital integral term, G, (z)1s the plant. From Eq. 2.4, the digital

PID control system is stable if the following two conditions are satisfied [20]:

1. Roots of 1+ K ,G,(z) =0 are inside the unit circle. The closed-loop feedback control

system is stable without the plug-in new integral term.

2. Roots of 1+ G,(z)H(z) =0 are inside the unit circle.

Based on Eq. 2.3, the roots of 1+ G,(z)H(z) =0 is expressed as:

|| =[1-K,1.G,(2)H(2)| (2.6)

According to the equation above, the condition 2 becomes:

1-K,T,G,(2)H(z)|<1 (2.7)

It can be obtained that Eq. 2.7 can be simplified if the lead-phase compensator is the

inverse of H(z) i.e., G,(2)= 1/H(z) and H(z) can be expressed in a general way as:

H(z) = G,(z2)  B(z) =z‘dB*(z)B‘(z) [20]

C1+K,G,(2)  A(2) A(2) (2:8)

where d denotes the pure time delay steps which is normally caused by the delay plant.

The roots of A(z)=0 are inside the unit circle, B*(z) and B (z) are, respective, the
cancellable and un-cancellable portions of B(z). In addition, B (z) contains the roots on
or outside the unit circle and undesired roots, B*(z)contains the other roots of B(z) [21-
25]. The lead-phase compensator G,(z) can designed based on pole-zero cancellation

method which is shown as:
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2’ A(2)B(z7™)

B ()b [20] (2.9)

G, (2)=

where z¢ denotes a d step lead. Since B™(z) contains the roots which are outside the unit

circle, B(z) is transferred as B™(z™') with z replaced by z~' so that G,(z) is stable, b

is employed to scale the steady state gain of G,(z), and b2 maX‘B’ (1)‘2. Based on above,

we have:

-515%?91231[ﬂﬂ (2.10)

g=|G,(9)H(2)|=
Based on Eq. 2.7-2.10, the condition 2 can be simplified as:

2
0<K, <— (2.11)

In the light of above, the stability criterion of the new design method is associated with two

parameters i.e. K and K. K, has a certain range which means if the original proportional

control system is stable, the new design method based system is guaranteed stable if the
new integral gain is selected form the range. Comparing with conventional PID control
system, the complexity is reduced significantly. For conventional design method of PID
control system, the stability criterion is related to three parameters, which is more

complicated than this new design method.

2.4 Tuning Method for Error Convergence Rate

When the plug-in integral term is absent, the tracking error of the closed-loop control

system can be expressed as:
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o) r(2)-d(2) ___ a0
[1+G,(2)H()I1+K,G,(2)] 1+G,(2)H(2)

(2.12)

where S,(z)=(1+G,(2)H(z))" and S,(z)=(1+ KPG[J(Z))_I are the sensitive functions
which are used to define the error attenuations of the plug-in integral term G,(z)and
Proportional controller K, respectively. e,(z) represents the tracking error which is

produced by the Proportional control system without the plug-in integral term. It is easy to

figure out that the error attenuation is inversely proportional to |S,(z)|or |S,(z)|- Assuming

that the proportional control system is stable without the plug-in integral term, which

means the error ¢,(z)is a steady signal, so that the |S,(z)|can be considered as a constant
value. Therefore, the error attenuation of the digital PID control system is controlled by
|S1 (2)

The sensitivity function S, (z)is:

, which means the error convergence rate is controlled by the plug-in integral term.

-z
S/ (z)= 20 2.13
O kg 2 (2.13)
Using inverse z-transform, we have:
S,(m =—K,T.g(1-K,T.g)"" ,n=0 [20] (2.14)

The stability criterion which is described by Eq. 2.11 leads to-1<1-K,T,g<1. If n is
infinity, (1-K,7,g)"" will become 0, which leads the sensitivity function S,(n) to 0, i.e.,

the plug-in integral term can eliminate the error to zero. More importantly, it can be
obtained that the error convergence rate of the digital PID controller is determined by the

plug-in integral gain K, i.e., larger K, leads to faster convergence rate while smaller K,

leads to slower convergence rate.
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2.5. The Numerical Model Simulation

The reference signal is a step signal, »(¢) =1for # > 0s and the plant is a typical first order

system which is shown as below:

G,(s) =$ (2.15)

2.5.1 The Pole Placement PID Controller Design Method

In this section, a conventional PID controller is designed based on the pole placement

method. The transfer function of a conventional PID control system is:

G, (S)Gp ()

=176, ()G, (s) (2-16)

Where G, (s)represents conventional PID controller, substitute the expression of G, (s)into

the equation above, we have:

Kd 2 Kp K[

1+ K s +1+K S+1+K
G,(s)= d 4 d 2.17
e 1+K, K, @17

+ s+ ;
1+K, 1+K,

The characteristic equation of G, (s)is:
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, 1+K, K
s”+ s+——=0 (2.18)
1+K, 1+K,

The characteristic equation can be compared with the typical second order model, which is:
s’ +2lw s+ =0 (2.19)

where £and @, (@, > O0rad / s) represent the damping ratio and natural frequency of the

system respectively. According to the two equations above, the expressions of damping

ratio and natural frequency can be obtained as:

Ki
, = /
1+K,

1+Kp 1+Kp
20,0+K,) 2K (1+K))

(2.20)

Based on the equations above, a conventional PID controller can be designed with certain
damping ratio and two of the three control gains. For example, the pole placement method
based PID control system is designed with different damping ratio. The proportional gain
and derivative gain are fixed as 0.5 and 0.01 respectively. The damping ratios are chosen

as 0.6, 0.707, 1 and 1.2. The parameters are shown in Table 1.

Table 1. Parameters of Different Damping Ratio with Fixed K ,and K, for First Order Plant

K, K, K, S @,

0.5 0.01 1.55 0.6 1.4851
0.5 0.01 1.1142 0.707 1.0503
0.5 0.01 0.557 1 0.7426

0.5 0.01 0.387 1.2 0.62




The responses are shown in Figure 2-3.
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Output y(t)

10
Time(second)

15

Fig. 2-3. The Responses for Different Damping Ratio with Fixed Proportional Gain with (a) Damping ratio

0.6, K, =1.55, (b) Damping ratio 0.707, K, =1.1142, (c) Damping ratio 1, K, =0.557, (c) Damping

ratio 1.2, K, = 0.387

2.5.2 The New Digital PID Controller Design Method

The plant can be transferred from continues time domain into discrete time domain by

using Zero Order Hold (ZOH) method. The Laplace transform transfer function of the Zero

Order Hold is:

1-e7"

Q

G,(s)=

o)

H(s) is:

Hisy=—D) ]

1+K,G,(s) s+1+K,

After adding a zero-order hold, we have:

2.21)

(2.22)
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G, (5) = G, (s)H(s) = ﬁ (2.23)

The discrete plant can be obtained by using Z-transform on the plant and the sampling time

is 0.0001s, so that H(z) is:

G,(2) 0.0009995
H(z)= = (2.24)
1+K,G,(z) 2z-0.999+0.0009995K ,
The lead-phase compensator G ,(z) can be written as:
1 z—0.999+0.0009995K
G (2)= = L (2.25)
H(z) 0.0009995
The new integral term is composed by the combination of lead-phase compensator and
discrete integrator. The new integral term is expressed as:
T K, Tz—K,T,(0.0009995K  —0.999)
G (2)=K,—G,(2)= L (2.26)
z—1 - 0.0009995z —0.0009995

2.5.3 Simulations and Results

In this section, the simulations will be implemented in two ways. A. The numerical model
simulation with the absence of lead-phase compensator. B. Comparison between
conventional PID controller which is designed by pole placement method and new digital
PID controller. In addition, the simulation results will be analysed.
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a. Without Lead-phase Compensator

In this case, the proportional gain K , is chosen as 0.5. According to condition 2, the roots

of 14+ G,(z)H(z) = Owithout lead-phase compensator becomes:

_[1.9980005+ \/l 9980005 —4(0.0009995K, T, +0.9980005) ‘
= 5 ‘

g

Condition 2 becomes:

1.0005

0<K, <

It can be obtained that the stability criterion for K, becomes narrower without the lead-

phase compensator. The new integral gain for the digital PID control system without lead-

phase compensator is chosen as 1. The parameters are shown in Table. 2.

Table 2. Parameters of New Design Method for First Order Plant with and without G ,(2)

K, K, G,(2)
With G, () 1 s 0.001z —0.00099850025
* 0.00099952 — 0.0009995
Without G, (z) 1 0.5 Ll
A -

The responses for the digital PID control systems with and without lead-phase

compensator are shown in Figure. 2-4.

Output y(t)

5 10 15
Time(second)
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Fig. 2-4. The Responses for Digital PID Control System with and without Lead-phase Compensator. (a)
With Lead-phase Compensator, (b) Without Lead-phase Compensator.

From Figure. 2-4, it can be obtained that the lead-phase compensator is able to suppress the
overshoot, which means the lead-phase compensator enhances the damping ratio of the
entire system, which is same as derivative term. In addition, the lead-phase compensator

improves the response speed as well.

b. Comparing Between Pole Placement PID Controller and New Digital PID

Controller

In this case, the new digital PID controller is compared with pole placement digital PID
controller with different damping ratio and fixed proportional gain. The proportional gain
and derivative gain are fixed as 0.5 and 0.01. The damping ratios are 0.6, 0.707, 1 and 1.2,
the corresponding integral gains are 1.55, 1.1142, 0.557 and 0.387 respectively. The

parameters are shown in Table 3 and the response are shown in Figure 2-5.

Table 3. Parameters of Two Kinds of PID Controllers for First Order Plant with Fixed K pand K 4

Controllers & K, K, K,
Pole Placement PID 0.6 0.5 0.01 1.55
Pole Placement PID 0.707 0.5 0.01 1.1142
Pole Placement PID 1 0.5 0.01 0.557
Pole Placement PID 1.2 0.5 0.01 0.387

New Digital PID * 0.5 G (2) 1.55
New Digital PID * 0.5 G (2) 1.1142
New Digital PID * 0.5 G (2) 0.557

New Digital PID * 0.5 G (2) 0.387
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The responses are shown in Figure 2-5.

1.5

0 5 10 15
Time(second)

Fig.2-5. Comparison of Responses Between Two Kinds of PID Controllers with Fixed K » and K .- (@to

(d) are Responses for New Digital PID Controller with Ki=1.55, 1.1142, 0.557, and 0.387 Respectively. (¢)
to (h) are Responses for Pole Placement PID Controller with 0.6, 0.707, 1 and 1.2 Damping Ratios, Ki=1.55,
1.1142, 0.557 and 0.387 Respectively.

According to Figure. 2-5, the responses for the system with new digital PID controller have
shorter rise time than the responses for pole placement method with the same value of
integral gain. The overshoot is suppressed with new digital PID controller. In addition,
comparing the system with pole placement PID controller, the error convergence rate of
the responses is faster with new digital PID controller. The tuning method for error
convergence rate is also verified by Figure 2-5, larger integral gain leads to faster error
convergence rate. In the light of above, for a first order plant, the new digital PID

controller has better control performance, especially the elimination of overshoot.

2.6 Summary

In this chapter, the new digital PID controller design method is introduced. It can be
obtained that the stability criterion of the new method is easer than pole placement method.
The stability criterion of the new method is associated with two control gains, the integral
gain and the proportional gain. In addition, the integral gain has a certain range, which

means the system is stable if the integral gain is chosen from such certain range.
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According to the simulation results, for a simple first order plant, the new digital PID
controller supresses the overshoot significantly. In addition, the error convergence rate is

fast.
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3. The New Digital PID Controller of DC-DC Converters

3.1 Introduction

In this chapter, the new digital PID controller is used on three kinds of DC-DC converters
(BUCK, BOOST, BUCK-BOOST). The converters are modelled by small signal method.
The performance of new digital PID controller for converters will be shown by some
simulations. In addition, the new digital PID controller is compared with conventional PID
controller which is based on pole placement method to demonstrate the advantages and

disadvantages.

3.2 DC-DC Buck Converter

The buck converter converts low level voltage to high level voltage. It is normally
employed in regulated dc power supplies and dc motor speed control [3]. When the switch
is on, the diode is reverse biased, and the power source provides energy to load and
inductor. During this time period, the inductor stores energy in the form of magnetic field.
If the switch is opened while the current is still changing, a voltage drop will exist across
the inductor. So that the output voltage (load voltage) will be less than input voltage. When
the switch is off, the dc voltage source will be removed from the circuit. The inductor
becomes a current source, which means the stored energy in inductor will provides current

flow to load.

3.2.1 Small Signal Modeling of DC-DC Buck Converter

The circuit of a DC-DC Buck converter is shown is Figure 3-1.
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v, (_) VY C

Figure. 3-1. The Circuit of Buck Converter

where v, and v . represent the input voltage and output voltage respectively, 7, denotes

the inductor current, L, C and R represent the values of inductor, capacitor and load

respectively.

When the switch is turned on, the buck converter is shown in Figure 3-2.

Figure. 3-2. The Circuit of Buck Converter When Switch is Turned On

The dynamics of DC-DC Buck Converter when the switch is turned on can be described as

follow:

i, [, _I

d ol
t L -
= +| L |v. 3.1
dv,, | |1 1 Lom (t)} , Vi (3.1)
dt C RC

Let:



1
0 —— 1
(¢ — 0
= lL() ,Alz L ,BlzL,Clz
v, (t) 11 0 1
C RC

So that we have the state space equation to describe the converter as:

x=Ax+Byv,
v, () =Cx

When the switch is turned off, the diagram is shown in Figure 3-3.

L l +
vy .
Vm C T lC R§ vout

Figure. 3-3. The Circuit of Buck Converter When Switch is Turned Off

The dynamics of buck converter can be described as:

iy [, _I

dt _ - Z |: I ) } |:0:|
= + |
dv()lt[ (t) l _ L VOllt (t) 0 "

dt C RC

where
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(3.2)

(3.3)

(3.4)
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1
0 ——

A, = Lg% ¢c=|” (3.5)
L 0 1
C RC

The state space equation for the converter when the switch is turned off can be described as:

x=A4,x+Byv,
(3.6)

v, (0)=Cx

Based on the state space averaging technique, the average of the two states above can be

expressed as follow:

{x =[4d+A,(1-d)]x+[Bd+B,1-d)]v, 37)

vout = [Cld + CZ (1 - d)]x

where d denotes the duty cycle which is defined as the ratio of the on duration to the

switching time period. It can be expressed as:
4
d=—- (3.8)

where 7, denotes switch on duration, and 7, represents the switching period. The average

state space function of the Buck converter is:
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iy [, _1

_— . i
t Zin
dt _ L i, (1) 7 la (3.9)
| |11 wo] |
dt C RC
Thus, we have the inductor voltage and output current as:
% = %Vin - % vout (t)
3.10
dry® 1. v (310
ou [ lL (t) _ _ou
dt C RC

The state-space averaging over one switching period eliminates the switching ripples in
inductor current and capacitor voltage. However, the nonlinearities are brought to the
averaging model. The system is linearized by constructing a small-signal model. To

construct a small-signal ac model at a quiescent operating point, we assume:

it)=1, +iL(t)
v, (=Y, +9,(0)

m

~ (3.11)
vout (t) = I/out + vout (t)
d(t)=D+d(?)
where 7, , v, , v, and c?(t) represent the small AC perturbations, [, ,V, , V, and D

represent the steady-state values. Based on the equations above, the small signal model of

buck converter is described as:



i@ | [y _L . V49, (0)
dt _ L 1L+IAL(I) T lo+dey)
d(l/out + ‘,}out (t)) l L out + vout (t) 0
dt C RC

d(I,+1,(1) _D+d(t)

1
Vo +9, @) ==, +v,.(t
dt L ( in m( )) L( out out( ))
awv,, +v,.@) 1 » Vo T V00 (2)
ou ou I I +i1.()) - out out
e URS/A0) ey

Omitting the high-order small signal terms and DC terms, we have:

di,(t)y V, ~ . D. 1,
L =l d )+ =0 () ——D (¢
dt L () Lvm() L out()
dﬁout (t) 1 * {;out (t)
_—_our 7 . 1) ——ous 2
dt CZL() R

The small signal model of buck converter is shown in Figure 3-4.

1:D Vi A(t) ZTL(Z)
* ' € Y
N\ ' L ! +
2,00 Ldo == R § 0)

Figure. 3-4. The Small Signal Model of Buck Converter

Using Laplace transform, we have:

38

(3.12)

(3.13)

(3.14)
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dS)V 2, (s)——vw,(s>

siy(s) = I

| | (3.15)
Svout (S) = E iL (S) B R_C vout (S)

In the light of above, the transfer function between duty cycle and output voltage can be

expressed as:

1,
out (S) _ CL " _ K2K3Vin
Gu)=751 = — T = (3.16)
d(s) (=0 s+ LI +sK, + K, K,
RC CL
where:
D 1 1 1
K=—K =—K,=—,K,=— 3.17
T T e T Re (3.17)

3.2.2 Conventional PID Controller Design of DC-DC Buck Converter

In this report, a conventional PID controller is designed based on the pole placement

method. The transfer function of a conventional PID controller is:
1
G (s)=K,+K,—+K;s (3.18)
s

The transfer function of a conventional PID control system is:
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G, ()=+ fgis()ggj()s) (3.19)
The characteristic equation of G, (s)is:
s*+(K, + KKK V,)s* +(K,K; + K,K.K V, )s + K,K,KV, (3.20)
A suitable closed-loop characteristic equation of a third order system can be written as:
(s+aw)(s’ +2éw,s+®)=0 (3.21)

where £ and @, denote the damping ratio and natural frequency respectively. « is a

constant. We have:

K, +K,K. KV, =o,(a+25)
KK+ KKKV, =0 (1+2a) (3.22)

p

KKKV, =aw

i’ in

The three control gains of PID controller can be expressed as:

_ o (1+2fa)- KK,

K
! K2K3I/in
o (a+28)-K
K —_n 4 2
‘ K2K3Vin (3 3)

3
ao,

K, =
K2K31/in
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In this case, L=2mH,C=20uF,R=0.5Q,V, =40V,D =0.5. The proportional gain and
derivative gain are fixed as 0.5 and 0.001 respectively. The values of & are 0.6, 0.707, 1

and 1.2 respectively. The parameters for Buck converter and PID controller are shown in

Table 4 and Table 5 respectively.

Table 4. The parameters for Buck Converter

L(H) 2x107°
C(F) 2x107
R(Q) 0.5
V() 40

v. (V) 20

D 0.5

Table 5. Parameters of Conventional PID Controller for Buck Converter with Fixed K » K 4

K, K, K, & w,(rad /s) a

0.5 0.001 174 0.6 397.78 2764.15
0.5 0.001 125.314 0.707 337.607 3256.812
0.5 0.001 62.6556 1 238.714 4606.023
0.5 0.001 43.5138 1.2 198.935 5527.04

The responses are shown in Figure 3-5. The Y-axis Output y(t) denotes the output voltage.

30

N
o

Output y(t)
o

0 0.01 0.02 0.03 0.04 0.05
Time(second)
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Figure. 3-5. The Responses for Conventional PID Control System with Fixed K » K, and Different K, .

(@ E=0.6,K, =173, (b) £=0.707,K, =125, (c) E=1,K, =62.6,(d) E=12,K, =43.5.

3.2.3 New Digital PID Controller Design of DC-DC Buck Converter

Based on the parameters L =2mH,C=20uF,R=0.5Q,v, =40V,D=0.5, the transfer

124

function of converter is:

KKy, 1x10°
(3.24)

G (8) = =
ek (5) s*+5K, +K,K, s> +1x10°s+2.5x10’

The transfer function of DC-DC Buck converter can be transferred form continues time
domain to discrete time domain by using zero order hold method and the sampling time is

0.00001s. The Laplace transform transfer function of the Zero Order Hold is:

1-e"
(3.25)

G,(s)=

H(s) is:

G,(s) 1x10°
H(z)= = 3 ; 5 (3.26)
1+K,G,(s) s*+1x10°5+2.5x10" +1x10°K,

The discrete H(z) can be obtained by using Z-transform on the plant G, (s) with

sampling time 7, =0.00001s:
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G,(2) 0.03678z +0.02642
H(z)= =— (3.27)
1+K,G,(2) z*+(0.03678K , —1.366)z +0.02642K , +0.3679

The lead-phase compensator G ,(z) can be written as:

1 2+ (0.03678K , —1.366)z +0.02642K , +0.3679

= (3.28)
H(z) 0.03678z +0.02642

G,(2)=

The new integral term is composed by the combination of lead-phase compensator and

discrete integrator. The new integral term is expressed as:

21 (0.03678K , —1.366)z+0.02642K  +0.3679
G (2)=K, Llc;f(z)= g , )z i (3.29)

z— 0.03678z° —0.01036z —0.02642

3.2.4 Simulations and Results

a. Without the Lead-phase Compensator

In this case, the proportional and integral gain are selected as 0.1 and 30 respectively. The

parameters are shown in Table 6.

Table 6. Parameters of New Design Method for Buck Converter with and without G ,(z)

K1 KP G] (2)
2 J—
With Gf (2) 173 05 0.00173z : 0.002331z+0.0006593
A 0.03678z" —0.01036z—-0.02642
Without Gf (2) 173 0.5 0.001173
z—

The responses are shown in Figure 3-6. The Y-axis Output y(t) denotes the output voltage.
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30

Output y(t)

0 0.01 0.02 0.03 0.04 0.05
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Figure. 3-6. The Responses of The System with and without Lead-phase Compensator. (a) With Lead-phase

Compensator. (b) Without Lead-phase Compensator

It can be obtained that the overshoot of the closed-loop system is suppressed by the lead-
phase compensator, which means the damping ratio is increased by employing lead-phase
compensator. In addition, the error convergence rate becomes slowly with the lead-phase

compensator.

b. Comparing Between Pole Placement PID Controller and New Digital PID

Controller

In this case, the new design method is compared with pole placement method for a second
order plant. The proportional gain and derivative gain are chosen as 0.5 and 0.001
respectively. The parameter &£ are selected as 0.6 and 1 The parameters for these two
methods are shown in Table 7 and the responses are shown in Figure 3-7. The Y-axis

Output y(t) denotes the output voltage.

Table 7. Parameters of Two Methods for Buck Converter with Fixed K pand K 4

Design Methods g K, K, K,

Pole Placement 0.6 0.5 0.001 173

Pole Placement 1 0.5 0.001 62.6
New Method 0.6 0.5 G,(2) 173

New Method 1 0.5 G,(2) 62.6
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0 0.01 0.02 0.03 0.04 0.05
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Figure. 3-7. The Comparison Between Pole Placement Method and New Design Method. (a) and (b) New
Method, & are 0.6 and 1, K ,are 173 and 62.6 respectively. (c) and (d) Pole Placement Method, & are 0.6

and 1, K are 173 and 62.6 respectively.

Comparing a with ¢, b with d, it can be obtained that the overshoots for the responses are
suppressed with the new digital PID controller. However, the error convergence rate of the

system with new digital PID controller is degraded.

3.3 DC-DC Boost Converter

The boost converter produces higher level output voltage than dc input voltage. The mainly
applications of boost converter are regulated dc power supplies and regenerative braking of
dc motors. When the switch is on, the output stage is isolated, the inductor stores energy
from power source in the form of magnetic field. When the switch is off, the inductor
becomes a power source to maintain the current flow towards to the load, and the polarity
will be reversed. So that the inductor and the dc power source can be considered as two
sources which are connected in series, which leads to a higher voltage to charge the
capacitor. So that the output voltage (capacitor voltage or load voltage) will be higher than

input voltage.
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3.3.1 Small Signal Modelling of DC-DC Boost Converter

The circuit of a DC-DC Boost converter is shown in Figure 3-8.

Figure.3-8. The Circuit of Boost Converter

When the switch is turned on, the circuit is shown in Figure 3-9.

Figure. 3-9. The Circuit of Boost Converter when Switch is Turned On

the state space equation is:

dt i(t -
= 1 +| L |v, (3.30)
dv, (1) 0 —— L (t)}
out out 0
—dt RC

When the switch is off, the circuit is shown in Figure 3-10.
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Y Y Y Y *>
1 VL .
V. (_) CT Ic R § Vout

Figure. 3-10. The Circuit of Boost Converter when Switch is Turned Off

the state space equation becomes:

i, [, _I

J A EORE
t L -
= +| L |v. 31
av, (1) 11 Lom(f)} . Vin (3.31)
dt C RC

Let the duty cycle as d, the averaging state space equation of the inductor voltage and

capacitor current can be expressed as:

GRS

_l—d 1
dt L i, (1) -
= +| L |v, 3.32
dv, | |1-d 1 L (t)} o (332)
dt C RC
Thus, we have:
% = %vin _%Vout (t)
3.33
av,,(t) 1-d ( )

1
| (t)——— t
dt ¢ O™V ®

The average state variables can be decomposed into the combination of steady-state

component and AC small perturbations, which is:
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iy () =1, +1,(1)

vin = Vin + ‘,}in (t)

vout (t) = I/out + "}out (t)
d=D+d(t)

(3.34)

The differential equations of the small signal model are:

di,0+1) 1.
=T 9, 0)

LAV () 1-D=d(r)
dt

1=D=d®) 43,00
L (3.35)
d

0

(I, +5,(0) - RI—C(V +9,,(0)

Ignoring the DC component and high order items, we have:

di,(t) 1, 1 . 15
L =5 () ——(A=D)Y, () +—d@)V
& Lvm() L( Wou (1) 7 OV,

&, () 1
dt C

1 N (3.36)
(1-D)i, (f)—R—Cﬁom(f)—Ed(f)lL

The small signal equivalent circuit of DC-DC Boost Converter is:

d()

L@

in

Figure. 3-11. The Small Signal Model of Boost Converter

Using Laplace transform, we have:
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SM - l\;m (5)—~@ = D)y, (s)+ lj(s)VW,
” 7 3.37)
Ko A 3.
Ta el me%~—nﬂﬂ —ﬂ”h

Based on the circuit diagram of Boost converter, we have:

Vou _ 1
ad (3.38)
=t

R

According to the circuit, the transfer function between the output voltage and duty cycle is:

(1-D)? ]
v,,(9) V. LC __RC
G,(s )— =—"— > (3.39)
)| . (=DF . 1 _(-Dy
RC LC
Let:
1 1 1
D :l—D,E :E,P; :E’F; :z (340)
The transfer function becomes:
v, FF—s el
(3.41)

G (s)=
boost( ) S2+SFIF,2+D2F,2F,3
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3.3.2 Conventional PID Controller Design of DC-DC Boost Converter

In this report, a conventional PID controller is designed based on the pole placement

method. The transfer function of a conventional PID controller is:
1
G (s)=K,+K,—+K,;s (3.42)
s

The transfer function of a conventional PID control system is:

G,(5)G,,(5)
G, (s)=—= ¢ (3.43)
1+ G, (5)G,,(s)
The characteristic equation of G, (s)1s:
R D°FF, +D:2VszF3Kd —V.EEK, +S(DV4F2F3 +D"2VianF3Kp “VuhEK P'ZKnFZEKi (3.44)
D*-V,FFK, D*-V,FFK, D*-V,FFK,
A suitable closed-loop characteristic equation of a third order system can be written as:
(s+aw)(s’ +2éw,s+®)=0 (3.45)

where £ and @, denote the damping ratio and natural frequency respectively. « is a

constant. We have:
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D*FF, +D,FFK, -V, FFK,

. = (a+2
D*-V,FFK, (20
D'F,F.+D* F,FK -V.FFXK.
273 5 int 273 p in” 17 2 l=(0n2(1+2§a) (346)
D _I/inFIFVZKd

DV, FFK, _ |
3 =aw,
D*-V,FFK,

In this case, L=100pH,C =1mF,R =300Q,v, = 80,D =0.8. The proportional gain and

derivative gain are fixed as 0.03 and 0.0001 respectively. We have:
F, =0.00333, F, =1000, F; =10000

The values of & are 0.6, 0.707, 1 and 1.2 respectively, and the reference output voltage is

set as 100v. The parameters for Boost Converter and PID controller are shown in Table 8
and Table 9.

Table 8. The Parameters for
Boost Converter L(]—[) 1 x 10—4
C(F) 1x107
R(Q) 300
Vu() 80
Vo V) 100
D 0.2

Table 9. Parameters of Conventional PID Controller for Boost Converter with Fixed K o K 4

K, K, K, & w,(rad / s) a

0.03 0.0001 10 0.6 317.117 262.01173
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0.03 0.0001 7.2223 0.707 269.3734 308.45
0.03 0.0001 3.6187 1 190.6753 435.754
0.03 0.0001 2.5148 1.2 158.9544 522.7128

The responses are shown in Figure. 3-12. The Y-axis Output y(t) denotes the output

voltage.

o
o
T
1

0 0.1 0.2 0.3 0.4 0.5
Time(second)

Figure. 3-12. The Responses for Conventional PID Control System with Fixed K » K, and Different K, .
@ &¢=06,K =10 , ) £&=0707,K =72223 , ( <&=1K =3.6187 ., (@
&=12,K =25148.

3.3.3 New Digital PID Controller Design of DC-DC Boost Converter (Non-

minimum-Phase System)

The Laplace transform of the Boost converter is:

—416.7s +8x10°
52 +3.3335+6.4%x10°

G (8) = (3.47)

According to the transfer function of boost converter, the zero is located at the right half

plane, which means the boost converter is a non-minimum-phase system (NMP). The lead-
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phase compensator G, (z)which is based on the model inverse technique will be unstable

because the pole is outside the unit circle. Such problem can be solved by designing the
approximate inverse model. There are three stable approximate model-inverse control
techniques to approximate the inverse. The non-minimum-phase zeros ignore (NPZ-
ignore), the zero-phase-error tracking controller (ZPETC) and zero-magnitude-error
tracking controller (ZMETC). Such three methods are analysed and compared by J.A.
Butterworth [26]. When using NPZ-ignore method, the designers ignore all non-minimum
phase zeros. Such method is simplest, however, the precise is the worst. ZPETC and
ZMETC retain the dynamics of NMP zeros. The difference between these two methods is,
the ZPETC converts the NMP zeros into stable zeros of the approximate inverse, the
ZMETC transforms the NMP zeros into stable poles of the inverse model. The NMP-
ignore method is not considered in this report due to the unsatisfactory precise. The

redesigned integrator G,(z) non-causal by using ZPETC. In this report, the ZMETC

technique is selected to approximate the inverse model. As mentioned before, the transfer

function H(z)can be described as:

H(z)= G,(2) _B(z») _z"B'(2)B (2)
1+KpGp(Z) A(z) A(z)

(3.48)

B~ (z) contains the roots on or outside the unit circle and undesired roots, and it can be

described in the form of the »n” order polynomial as:

B (2)=Bz"+B "' +..+B, (3.49)

where n denotes the number of the NMP zeros. The approximate inverse model of H(z)

can be written as:

27 A(2)

N E )

(3.50)
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H(z) ' represents the approximate inverse model, B~"(z)is designed as below by using

ZMETC method:

B (z2)=B,z"+Bz" ' +..+B, (3.51)

In this case, the sampling time is 0.00001s and the transfer function of H(z)1is:

G,(2) -1.667x107° z+0.0008167
H(z)= == — (3.52)
1+K,G,(z) 22 —(1.667x10°K  +1.991)z+0.0008167K , +0.991

where B (z)is:

B (2)=-1.667x10"z+0.0008167 (3.53)

So that B~"(z)can be written as:

B (2)=0.0008167z—-1.667x107° (3.54)

The lead-phase compensator G, (z) which is the approximate inverse of H(z)can be

designed by using ZMETC as:

z’ —(1.667><10’5Kp +1.991)z+0.0008167K , +0.991

G.(2)=
/@ 0.0008167z—1.667x107°

(3.55)

The new integral term is composed by the combination of lead-phase compensator and

discrete integrator. The new integral term is expressed as:



G,(z)=K,

L

z —
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z —(1.667><10’5Kp +1.991)z+0.0008167K , +0.991
0.0008167z° —0.00083337z+1.667x10~°

G, (2)=K,T, (3.56)

1

3.3.4 Simulations and Results

a. Without the Lead-phase Compensator

In this case, the proportional and integral gain are selected as 0.002 and 10 respectively.

The parameters are shown in Table 10.

Table 10. Parameters of New Design Method for Boost Converter with and without G, (z2)

K, Kp G,(2)
-5 2 -5 -5
With G, (z) 20 0.03 2x107° 2> ~3.982x107°2+1.982x10
0.0008165z> —0.0008332z—1.667x107°
A z—1

The responses are shown in Figure. 3-13. The Y-axis Output y(t) denotes the output

voltage.

o

0.2 0.3 0.4 0.5
Time(second)

0.1

Figure. 3-13. The Responses of The System with and without Lead-phase Compensator. (a) Without Lead-

phase Compensator. (b) With Lead-phase Compensator
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It can be obtained that the overshoot of the closed-loop system is suppressed by the lead-
phase compensator, which means the damping ratio is increased by employing lead-phase
compensator. However, the error convergence rate is slow with the lead-phase

compensator.

b. Comparing Between Pole Placement PID Controller and New Digital PID

Controller

In this case, the proportional gain and derivative gain are chosen as 0.002 and 0.00001

respectively. The parameter ¢ are selected as 0.6 and 0.707. The parameters for these two

methods are shown in Table 11 and the responses are shown in Figure. 3-14. The Y-axis

Output y(t) denotes the output voltage.

Table 11. Parameters of Two Methods for Boost Converter with Fixed K » and K 4

Design Methods K, K, K,
Pole Placement 0.002 0.00001 0.675
Pole Placement 0.002 0.00001 0.4937
New Method 0.002 G (2) 0.675
New Method 0.002 G,(2) 0.4937
105
S o5 A\ A
>
g YLy :
= . . d
O 85 8
80
75 . :
0 0.1 0.2 0.3 0.4 0.5

Time(second)

Figure. 3-14. The Comparison Between Pole Placement Method and New Design Method. (a) and (b) are
Pole Placement method K, are 10 and 7.2223. (c) and (d) are New Method, K, are 10 and 7.2223.
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Comparing a with ¢, b with d, it can be obtained that the overshoot is suppressed
significantly with the help of new digital PID controller. However, the rise time is larger,

and the error convergence rate is slower.

3.4 DC-DC Buck-Boost Converter

The Buck-Boost converter can produce either higher or lower output voltage. It is mainly
employed in regulated dc power supplies. The output voltage is desired as negative polarity
with respect to the common terminal of the input voltage. The buck-boost converter can be
considered as the cascade combination of two basic converters (buck, boost converter).
When the switch is on, the diode is reverse biased, and the inductor stores the energy from
the input power source. In addition, the capacitor provides energy to load. When the switch
is opened, the input power source is removed from the circuit, the inductor provides energy

to the load.

3.4.1 Small Signal Modelling of DC-DC Buck-Boost Converter

The diagram of the Buck-Boost Converter is shown in Figure 3-15.

VmC_D iL L VL C=— iC R § vout

Figure. 3-15. The Circuit of Buck-Boost Converter

When the switch is turned on, the circuit is shown in Figure 3-16.



+

+ l
LVL CT iC R § vout

Figure. 3-16. The Circuit of Buck-Boost Converter when the Switch is Turned On

The inductor voltage and capacitor current are:

d dt(t) = 0 1 |: t (t):|+ L vin
% —— ||V

out out 0
g RC

When the switch is turned off, the circuit is shown in Figure 3-17.

I

Figure. 3-17. The Circuit of Buck-Boost Converter when the Switch is Turned Off

The inductor voltage and capacitor current are:

dt _ L i, (1) 0
= + v,
av,,(t) B l B L v, () ol"
dt C RC

Based on above, the state-space averaging model of Buck-Boost Converter is:

58

(3.57)

(3.58)
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di; (1) 0 l—L d o p
t L =
= +| L |v, 3.59
av,,(t) 1-d 1 Lom (t)} 0 (3-59)
dt C RC
The differential equations of inductor voltage and capacitor current are:
% = %vin + % vaut (t)
! (3.60)
av,,(t) _ 1-d.

|
t)———— t
dt ¢ 0= RV ®

Similar as before, constructing the small signal model, the inductor voltage, capacitor
current and duty cycle can be decomposed into the steady-state components and AC

perturbations as below:

it)=1, +;L(t)

vin = Vin + ‘,}in (t)
- (3.61)
Vout (t) = I/out + vout (t)
d=D+d(t)
The differential equations of the small signal model are:
e e )
! n (3.62)
W, +v,.,@0) _1-D-d(@®)

A 1 .
" (1, +8,0) == Vo + Vo ()

Ignoring the DC component and high order items, we have:
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4 _D ﬁ,.n(t)+—1 (l—D)ﬁom(t)+—1 dty, —v,.)
d L L L
YA 1 1 (3.63)
v 2 7
o — _ — (1=D)i (t)———7v () ——d ()]
dt c( i RCV‘””() C O,

The small signal equivalent circuit of DC-DC Boost Converter is shown in Figure 3-18.

1:D(V,-,,—g%»c?(t) B0 |
AR AN +

"}in (t) (.) ILaA’(t) }\{ ]La(t) C=— R § ‘;out (t)

Figure. 3-18. The Small Signal Model of Buck-Boost Converter

Using Laplace transform, we have:

si,(s) = %ﬁm (s)+ % (1-D)>._(s)+ %a?(s)(Vm —V )

1 1 ) (3.64)
S{}out(s) = _E(l _D)iL(S) _R_C{}out(s) _Ed(S)IL
According to the circuit, we have:
R D (3.65)
I/out =T in
D

where D' =1— D. The transfer function between output voltage and duty cycle is:
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v.D sV,
G (s) = Leu®) - LCD IDRgZ (3.66)
) Lo s 4o
RC LC
Let
1 1 1
F=—F=—F=— 3.67
1 R 2 C 3 L ( )
We have the transfer function as:
: FE 2 _gR
G ()= Lo (s) _ D D (3.68)
N d(s) |, oo & +SEF+EED?
3.4.2 The Conventional PID Controller Design of Buck-Boost Converter
In this report, a conventional PID controller is designed based on the pole placement
method. The transfer function of a conventional PID controller is:
1
G (s)=K,+K,—+K;s (3.69)
s

The transfer function of a conventional PID control system is:
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G,(5)G,,(5)
G, (s)=—= ¢ (3.70)
1+ G, (s)G,,(s)
The characteristic equation of G, (s)1s:
2 ‘2 2
DEF+ P REK, -V, FFK,  DRR+"P prk, v FRK, PRk
S3+S2( D p)+S( D i )+ 'D (3.71)
D'~V,FFK, D ~V,FFK, D -V,FFK,
A suitable closed-loop characteristic equation of a third order system can be written as:
(s+aw)(s’ +2éw,s+®)=0 (3.72)

where £ and @, denote the damping ratio and natural frequency respectively. « is a

constant. We have:

. V. D?
DFF,+ P Rk, -V, FEK,
D =, (a+28)
D ~V,FFK,
2
D*RF+ 2 FRK, -V, FFK, .
D = 0, (1+2¢) (3-73)
D -V, FEK,
2
WP p Rk,
: =aw,’
D _I/mFiF'ZKd

In this case, L =100uH,C =500uF, R =50Q,v, =40,D =0.9. The proportional gain and

derivative gain are fixed as 0.002 and 0.00001 respectively, the sampling time is set as

0.00001s. We have:
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F, =0.02, F, =10000, F, = 2000

The values of & are 0.6, 0.707, 1 and 1.2 respectively, and the reference output voltage is

set as S5v. The parameters for Buck-Boost converter and PID controller are shown in Table

12 and 13 respectively.

Table 12. The Parameters for Buck-Boost Converter

L(H) 1x107*
C(F) 5x107™
R(Q) 50
V() 40
Vo V) 5
D 0.1

Table 13. Parameters of Conventional PID Controller for Buck-Boost Converter with Fixed K »

Kd
K, K, K, & w,(rad /s) a
0.002 0.00001 1.251 0.6 354.6 205.63
0.002 0.00001 0.9028 0.707 301.3 242.02
0.002 0.00001 0.4526 1 213.32 341.8
0.002 0.00001 0.3146 1.2 177.8465 410

The responses are shown in Figure 3-19. The Y-axis Output y(t) denotes the output voltage.
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0 0.05 0.1 0.15
Time(second)

Figure. 3-19. The Responses of Conventional PID Control System for Buck-Boost Converter with Fixed K »
K, and Different K. (a) £ =0.6,K, =1.251, (b) £ =0.707,K, =0.9028, (¢c) £ =1, K, =0.4526,
() £=1.2,K, =0.3146

3.4.3 New Digital PID Controller Design of DC-DC Buck-Boost Converter

(Non-minimum-Phase System)

The Laplace transform of the Boost converter is:

—1778s+7.2x10°

G s)=
koo () s> +40s+1.62x10’

(3.74)

Similar as Boost converter, the NMP system can be approximated by using ZMETC with

sampling time as 0.00001s. In this case, the transfer function of H(z)is:

H(z) = — Gncions@)  _ ~0.0001418z +0.0002138
14K, Gy oo (2) 2 —(0.0001418K , +2)z +0.0002138K , +1

(3.75)

The lead-phase compensator G, (z) which is the approximate inverse of H(z)can be

designed by using ZMETC
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z> —(0.0001418K , +2)z +0.0002138K , +1

0.0002138z—-0.0001418

(3.76)

The new integral term is composed by the combination of lead-phase compensator and

discrete integrator. The new integral term is expressed as:

2> —(0.0001418K , +2)z+0.0002138K , +1
0.0002138z% —0.00035562+0.0001418

L

z —

G(2)=K, G () =KT, (3.77)

a. Without the Lead-phase Compensator

In this case, the proportional and integral gain are selected as 0.002 and 1.251 respectively.

The parameters are shown in Table 14.

Table 14. Parameters of New Design Method for Buck-Boost Converter with and without G, (z2)

K, Kp G](Z)
-7 2 -7 7
With Gf(Z) 1.251 0.002 1.251x107"z° =2.5x107"z+1.249x10
A 0.0002138z* —0.00035562—0.0001418
-7
Without Gf(z) 1.251 0.002 1.251)(110
z_

The responses are shown in Figure 3-20. The Y-axis Output y(t) denotes the output voltage.
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Fig. 3-20. The Responses of The System with and without Lead-phase Compensator. (a) With Lead-phase

Compensator. (b) Without Lead-phase Compensator

It can be obtained that the overshoot of the closed-loop system is suppressed by the lead-

phase compensator, which means the damping ratio is increased by employing lead-phase

compensator. However, the rise time is larger with lead-phase compensator.

b. Comparing Between Pole Placement PID Controller and New Digital PID

Controller

In this case, the proportional gain and derivative gain are chosen as 0.002 and 0.00001

respectively. The parameter &£ are selected as 0.6 and 0.707. The parameters for these two

methods are shown in Table 15 and the responses are shown in Figure 3-21. The Y-axis

Output y(t) denotes the output voltage.

Design Methods K, K, K,

Pole Placement 0.002 0.00001 0.675

Pole Placement 0.002 0.00001 0.4937
New Method 0.002 G,(2) 0.675
New Method 0.002 G,(2) 0.4937
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Table 15. Parameters of Two Methods for Buck-Boost Converter with Fixed K » and K 4

0.1 0.15 0.2
Time(second)

Fig. 3-21. The Comparison Between Pole Placement Method and New Design Method. (a) and (b) are New
Design Method K, are 1.251 and 0.9028. (c) and (d) are Pole Placement Method, K are 1.251 and 0.9028.

Comparing a with ¢, b with d, it can be obtained that the overshoot is suppressed

significantly with new digital PID controller. However, the rise time is larger.

3.5. Summary

In this chapter, the new digital PID controller is used on DC-DC converters to demonstrate
the performance. Firstly, the three kinds of DC-DC converters (buck, boost and buck-boost)
are introduced and modelled. After that the conventional pole placement PID controller is
designed and demonstrated with four different damping ratios. Then the new digital PID
controller is designed and demonstrated with the same parameters as the pole placement
method based digital PID controller. According to the simulation results, the new digital
PID controller can suppress the overshoot significantly due to the lead-phase compensator.
The leading phase provided by lead-phase compensator increases the damping of the
system. However, the new digital PID controller makes the system “slower”, which means

the rise time and the error convergence rate may become larger and slower.
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4. Conclusion

4.1 General Conclusion

In this report, a new digital PID controller is proposed. The complexity of designing such
new digital PID controller is less than conventional PID controller. The conventional
derivative term is replaced by a lead-phase compensator and connected to the integrator in
series. The stability criterion of the control system with new digital PID controller is
related to the integral gain and proportional gain, which is one dimension less than
conventional PID control system. In addition, the integral gain has a certain range, which
means the integral gain from the range guarantees the stability of the system. Moreover, a
tuning method which is related to the error convergence rate is proposed as well. Finally,
some simulations are implemented to show the performance of the new digital PID

controller.

According to the simulation results, the overshoot of the output signal is suppressed
significantly by using new digital PID controller. However, the new digital PID controller
may make the system “slower”, which means the rise time and error convergence rate may
larger and slower than conventional PID control system. So that it is a trade-off between

fast and small overshoot for the designers.

4.3 Future Work

Due to the time limitation, the demonstrations of the new digital PID controller on
hardware experiments are arranged in the future. The new digital PID controller is still

compared with conventional PID controllers to test the performance practically.
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6. Appendix

Some pictures of the simulation are provided in this section.
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Figure 6-1. Buck converter circuit.
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Figure 6-2. New PID VS conventional PID on Buck converter.
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Figure 6-4. New PID VS conventional PID on Boost converter.
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Figure 6-6. New PID VS conventional PID on Buck-Boost converter.
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