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Abstract

Control of switch-mode power converters, which has been traditionally carried out using
analog circuits, is nowadays preferably performed digitally due to greater flexibility,
higher integrability, less sensitivity to thermal changes, lower costs and possibility to
implement advanced control techniques and, for these reasons, it has become a major
research focus in power electronics field.

Despite the mentioned advantages digitally controlled power converters could cause the
onset of non-linear issues due to inherent quantization effect of analog to digital
converter (ADC) and digital pulse width modulator (DPWM) which converts the
controller output from digital into analog signals. Such quantization effects cause
steady-state limit-cycle oscillations (LCOs) that are a major concern. The mitigation or
the reduction of these problems have been a topic of extensive research in the field of
power electronics and design guidelines for LCO-free operation have been formulated.
More specifically, it has been shown that the resolution of DPWM should be higher than
that of ADC for LCO-free operation. Meeting the above guideline, unfortunately, results
either in a limited DC accuracy and/or in increased cost and complexity especially for
converters operating at high switching frequency (MHz range) taking advantage of
emerging semiconductor device technology (GaN, SiC power transistors).

In this thesis, an innovative technique intended to increase the resolution of the DPWM
for LCO-free operation of switch-mode power converters is analyzed and experimentally
evaluated. More precisely, the novel Dyadic Digital PWM (DDPWM) is adopted as a
systematic approach that generalizes and extends the standard PWM dithering
techniques to achieve accurate, LCO-free operation in a digital converter at negligible
cost and design effort and without any detrimental effect on the output ripple voltage.

A digitally controlled DC-DC Boost converter is considered to validate the approach
proposed in the thesis. This choice is justified by the growing importance of the Boost
converter in a variety of practical applications concerning renewable energy

technologies, power efficiency and power quality. Among the various applications, the



boost is employed as one of the main building blocks in photovoltaic power systems, in
battery powered and portable device applications, in the regenerative braking of motors
and in power factor correction (PFC) circuits to enhance the power quality of power
supplies.

In this thesis, the converter is designed to operate efficiently over a range of the input
voltages and to supply a constant current to the external load, and the effectiveness of
the DDPWM in mitigating the onset of the LCOs is verified versus different operating
conditions and digital control parameters. More specifically, the converter is designed to
be operated in continuous-conduction-mode (CCM) with a switching frequency in the
MHz range while voltage-mode digital control algorithm is considered by referring to the
implementation form of the PID compensator. Simulation tools, in these phases, are
employed to optimize the design of the power stage and the controller with the aim to

analyze both the static and the dynamic performance of the converters.
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Chapter 1

1. Introduction

Switch-mode power supplies are most used and the best choice for DC-DC power
conversion. These supplies provide a marked benefits and advantages in comparison
with other techniques of DC-DC power conversion. For many years, switch-mode power
converters were mainly controlled by using analog control circuits. Despite of having
less sensitivity and technology advancement, analog controllers provide lack of
flexibility, difficulty in adjusting and low reliability in comparison with digital controllers.
This has made digital control more fascinating to substitute analog control. Moreover,
digital controllers are more flexible, programmable, more reliable, less susceptible to
aging, faster and changing a controller doesn’t require any change in circuit. That’s why,

digital control become a major research focus in power electronics field.

1.1. Problem Statement

Despite the mentioned advantages, digitally controlled power converters could cause
some major concerns and problems. Some of these problems are listed here;

The major concern in digital controllers is the onset of non-linear issues due to inherent
guantization effect of analog to digital converter (ADC) which converts the control
variable from analog to digital signal and digital pulse width modulator (DPWM) which
converts control variable from digital to analog signal as shown in Figure 1. Such
guantization effects cause low-frequency steady state limit-cycles oscillations (LCOs)

that are major concerns [1]. The block diagram of synchronous boost DC-DC converter
operated at fs = Tis switching frequency with digital Proportional Integrative Derivate

(PID) compensator is shown in Figure 1.1.
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Figure 1.1: Digitally controlled synchronous boost converter with PID compensator

The LCO’s issues are in broader spectrum related to limited resolution of DPWM. Since,
standard counter-based DPWM converts digital signal to analog signal by comparing
digital counter output with latched digital control command. So, ngy,,m-bit resolution
DPWM requires clock frequency of f,, = 2™pwmf_ . As an example, for f;,, = 3MHz
and 8-bit DPWM, clock frequency of about 750MHz is required which is very high. So,
we must use counter clock frequency for DPWM which results in limited resolution and
more power consumption for high switching frequency (MHz range).

In order to get effective high-resolution, LCO free DPWMs, specific techniques have
been suggested at hardware level and is the major research focus. Most of proposes
solutions, however, results either in a limited DC accuracy and /or in an increased cost
and complexity.

Delay-line and ring oscillators can provide high frequency clock by using set of delay
elements, but it requires large silicon area and is less immune to thermal variations,
supply voltages and fabrication process [1].

Hybrid architectures of delay-line and counter-clock approaches provides tradeoff

among DPWM resolution and occupied silicon area but is still sensitive to environmental



and manufacturing parameters. There are many other hardware-based techniques for
the improvement of DPWM resolution like multiphase PWM and interleaved converters.
Digital dithering technique can be used to control average duty cycle by varying duty
cycle of sub-LSB over pre-defined dithering pattern. This way we can increase effective
DPWM resolution without increasing clock frequency. Digital dithering is easy to
implement and highly controllable, but it may introduce harmonic distortion due to
noise at switching frequency sub-harmonics which cannot be filtered out properly,
hence causes ripples at output voltage [1].

Sigma-delta (3A) another dithering technique, is found to be more effective to enhance
DPWM resolution but its conversion rate is slow and feedback loop is non-linear which

provides additional ripples at output voltage [1].

1.2. Objectives

The main objective is to build power converter with digital controller to have no limit-
cycle oscillations at output. It can be achieved by Dyadic Digital Pulse Width Modulation
(DDPWM), an innovative technique intended to increase the resolution of the DPWM
for LCO-free operation of switch-mode power converters. More precisely, the novel
Dyadic Digital PWM (DDPWM) is adopted as a systematic approach that generalizes and
extends the standard PWM dithering techniques to achieve accurate, LCO-free
operation in a digital converter at negligible cost and design effort and without any
detrimental effect on the output ripple voltage.

A digitally controlled DC-DC Boost converter is considered to validate the approach
proposed in the thesis. This choice is justified by the growing importance of the boost
converter in a variety of practical applications concerning renewable energy
technologies, power efficiency and power quality. Among the various applications, the
boost is employed as one of the main building blocks in photovoltaic power systems, in
battery powered and portable device applications, in the regenerative braking of motors
and in power factor correction (PFC) circuits to enhance the power quality of power

supplies.



The converter is designed to operate efficiently over a range of the input voltages and to
supply a constant current to the external load, and the effectiveness of the DDPWM in
mitigating the onset of the LCOs is verified versus different operating conditions and
digital control parameters. More specifically, the converter is designed to be operated in
continuous-conduction-mode (CCM) with a switching frequency in the MHz range while
the voltage-mode digital control algorithms is considered by referring to the
implementation form of the PID compensator. Simulation tools, in these phases, are
employed to optimize the design of the power stage and the controller with the aim to
analyze both the static and the dynamic performance of the converters.

A printed circuit board (PCB) is designed to accommodate the power stage employing
EPC2007C Half-Bridge with onboard gate drive for enhancement (eGAN) field-effect
transistor while the digital control algorithm has been prototyped and implemented on
a FPGA interfaced to the power stage by adopting state-of-the art ADC. The use of
programmable logic allows to easily test different control strategies without major
hardware changes with the aim to set the converter at different ADC and DPWM

resolutions to validate the proposed method.

1.3. Thesis Outline

In chapter 2, detailed analysis about onset of LCO’s in digitally controlled power
converters is described and the necessary design guidelines to have LCO-free output is
proposed. In chapter 3, the high-resolution DDPWM technique is proposed.

Chapter 4 describes implementation and approach which have been followed
throughout thesis. Mathematical modeling, coding and designing of both power stage
and digital controller have been discussed. Experimental methodology for both
simulation and hardware implementation have been described.

Chapter 5 discusses the analysis of results obtained through both simulation and
practical implementation. The outputs obtained through both are compared with
errored output respectively and discussed how much improvement has been done.
Chapter 6 is the conclusion and future recommendation, which describes the benefits,

applications, usage and future work related to project.



Chapter 2

2. Limit-cycles Oscillation

For the system with closed loop digital controller, there must be a signal amplitude
qguantizers like the ADC and DAC modules in the feedback mechanism. Due to the
guantization error and quantization level mismatch among the signal amplitude
guantizers, low-frequency steady-state oscillations are generated at the output voltage
and at other system variables. These steady-state oscillations are basically the limit-
cycles oscillation whose frequency is less than the converter switching frequency fs,,.
These limit-cycles oscillations are unacceptable since it leads to large output voltage
distortion. Moreover, it is difficult to discriminate between limit-cycles and
electromagnetic interference (EMI), since amplitude and frequency of limit cycles are

difficult to measure.

2.1. Onset of Limit-cycle Oscillations

In order to discuss creation of quantization-incited limit-cycles oscillation, consider a

digitally controlled synchronous DC-DC boost converter operating at switching

frequency f;, = % The digital PID compensator is employed as a digital controller. The

whole block diagram is reported in Figure 1.1. At the end, the proposed design
guidelines for LCO-free operation are suggested.
As shown in Figure 1.1, ADC is used to convert converter’s output voltage v,(t) to
digital voltage v [k] at switching frequency f,,, i.e.,

Vs[k] = v, (kTsw)

The quantization level of ADC is given as;

Vin ad
qapc = % (2.1)

Where Vi, q4c is ADCinput range and Nypc is no. of bits of ADC.



The digital voltage v,[k] at output of ADC is then compared with constant reference
digital voltage to get digital error signal e[k],i.e.,
elk] = Vrer — v[K]

The e[k] is then given to digital PID controller which perform all the corrective measure
to compensate for error and resulting duty cycle is produced. The Nppyp-bit DPWM
modulator is then used to generate PWM signal of required duty cycle for driving
converter switches. DPWM modulator is operating at f.;x = 1/T.; and since there are
fixed quantization intervals of DPWM modulator, the active period Ton is restricted to
be an integer multiple of T, resulting in a quantized duty cycle D = T,,, /Ts. As a result,
there is non-equilibrium behavior at the output voltage, such as steady state limit

cycling. [2]
2.2. LCOs free design guidelines

There are some design guidelines which must be followed in order to achieve LCO-free
operation, which are;

1) The resolution of DPWM must be greater than the resolution of ADC, i.e., [1]

Nppwm > Napc

Each time controller is trying to drive output to zero-error bin, but if above condition is
not respected, there is no DPWM quantization interval lies into the zero-error bin,
therefore output is oscillating around the zero-error bin at DPWM levels as shown in
Figure 2.1(a) [1].
Above condition means that ADC quantization interval (q4pc) is higher than the DPWM
quantization (qppw)- Even if we have Nppyy = Nypc + 1, it is guaranteed that one of
the DPWM level lies into zero-error bin.
But meeting above condition requires a tradeoff among f ik, few and Nypc. The lower
Nypc results in DC inaccuracy of output voltage. For example, for a clock frequency

fex = 10MHz, f,,, = 150kHz, The Nppyp are found to be;
fewe

sw

2NppwM —

Nppwm =7



Meeting (1) requires Nypc = 6 bits or less, which is very low for most practical
applications. Alternatively, for high DC accuracy Nyp- = 9 bits and switching frequency
fsw = S5Mhz requires f.; = 5Ghz at least which is again impractical high clock

frequency.
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Figure 2.1: Qualitative behavior of V,, (a) Nppyis lower than Nypc (b) Nppwais higher than Nypc [1]
2) There must be an integral gain K; in the PID control law, i.e.,[1]
0<K <1

In case of K; = 0 the controller drives output towards zero-error bin if there is non-zero
error signal. When output reaches zero-error bin, the error signal becomes zero and
again output comes out of zero-error bin. This cycle continues again and again resulting
in the limit-cycle oscillations at output as shown in Figure 2.2(a) [1].
But having an integral term K;in the controller, the integrator output will gradually be

approaching zero-error bin and will remain there as long as error signal is zero. The



Figure 2.2(b) [1] shows the transient response of PWM converter having K; # 0 in

digital control law.
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Figure 2.2: Qualitative behavior of V, (a) Integral term K; = 0 (b) Integral term K; # 0 in control law [1]
3) Nyquist stability criterion should be followed for high loop gains, i.e.,[1]
1+ LGw)N(A) #0
where N(A) is the describing function for non-linear quantizers, A is the AC amplitude

for ADC and L(jw) is loop gain.



While dealing with high loop gains, the first two requirements are not more sufficient
for LCO free operation. The non-linearity and high gain distortion of the both ADC and
DPWM in the closed loop causes limit-cycling [21].

To eliminate limit cycles while dealing high loop gains, one must determine maximum
allowable loop gain by properly studying describing function of ADC. The describing
function can be determined by using non-linear system analysis tools. Figure 2.3 [1]
shows the describing function of ADC for sinusoidal signal with zero offset.

1.4 T T T T

NIA)

U..._ — 1 — 1 1 — 1

B L
A/AV_ .~ (LSB's)

Figure 2.3: Describing function for sinusoidal signal with zero offset [21]

2.3. Amplitude Quantization

As we know that, there is a zero-error bin which represents the particular quantization

level of sensed signal v, at controller digital set point v,..f. At Vg = vy, we have

steady-state point, i.e., e = 0, which means that the sampled version of the sensed

analog signal lies inside the zero-error bin. [4]

Suppose H, is the dc-gain of conditioning circuitry, so the quantization interval of v,is,
ADC

ADC _ q‘UO _ VFS,O
v, H, 2Napc

VES . . .
Where as Vps, = f is the equivalent ADC conversion range on output voltage.
o



Suppose that the regulation bin g, must be less than € % of the nominal output voltage
Vyer/H,, so from above eq. we get,

100 Ves
Nypc > log, <_) + log,(—)
€ Uref
For instance, ¢ = 1 and :FS = 2, nypc = 8 bits of resolution are required.
ref

Moving toward the DPWM, it only produces quantized duty cycle which can be equivalently
modeled as a quantization on the control command u[k]. Given that q, is the smallest duty
cycle variation and q,, is the smallest command variation,

The control command u[k] can be modeled as,

u[k]l

ulk] = QDPWM[u[k]] = N,Qp [ N

As we know that,

D,
M(D) = —=
Vin
Vo = M(D) Vin

At the steady state, the smallest variation gpproduces a variation gq,,, which is approximately
equal to,

oM

gy "M = 3D po dpVin (2.2)

In our case of boost converter, we know that

M(D) = 1 _ oM _ 1
" 1—D 0dDpe (1—D9)2
So, eq. 2.2 becomes,
DPWM _ 1
qv, - (1 _ Do)z dpVin

More compactly it can be expressed in term of DC gain G,q,, i.€.,



oM

%vin = Gvdo(s =0) =N.Gpu(z=1)

In general, DPWM-induced quantization on output voltage for boost converter shown in Figure
2.4 can be written as,

Qo, "M = Gya, (s = 0)qp = Gpu(z = 1)qy (2.3)
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Figure 2.4: DPWM-induced quantization on output voltage [4]



Chapter 3
3. Dyadic Digital Pulse Width Modulation
(DDPWM)

DDPM of M-bit binary number ‘m’ is a long digital stream ,,(t) of “one” digital pulses

equal to the binary number ‘m’, i.e.,

Z () = Zl'w_lbiSi(t) 0<t<T (3.1)

m i=0

Where b; € {0,1}is the Boolean value,i = 0,1, ..., M

S;(t) are the dyadic basis signals which contains “one” pulses of 2! and “zero” pulses of
2M=t — 1. For all i=0,,..,M, S;(t) are made orthogonal to each other, i.e.,
(S;(t).Sk(t) = 0,Vi # k). With reference to Figure 3.1, DDPM pattern for M = 4 are

drawn and digital stream for m = 11 is shown.

F

it JEEREREpEpEpENE
@ M1

s 1 1

S0 I—l

DOFPM

m=11
511=53+51+50 —I—l U U I—l—l— >
Tclk
Figure 3.1: Dyadic Digital Pulse Modulation (DDPM) pattern
The expression for the frequency domain of DDPM is,
+ oo
XEPPM(F) = 3 aCemd(F — kfy) (3.2)
k=—o0

Where f, = 1/T,



1 k\ _ikm
a, = == sinc (—) e 2M (3.3)

2M 2M
M-1 2M=i_q
Com = Z by m2! z (—1)P8[k — 2'p] (3.4)
i=0 p=0
&[.] is the Kronecker function defined as
(1 n=0
8[n] = {o e (3.5)
The spectral component found from (3) for different m is
max
S(kfo) ~ m |X7%DPM(kfo)| (3.6)

From above equations the qualitative analysis of spectral component has been carried

out. The AC spectra’s of DDPM are intended at the high frequencies where they can be

easily filtered out by employing a first order filter of cut-off frequency f. = fo/\/§.

3.1. Dyadic Digital Pulse Modulator (DDPM)

The above whole discussion can be implemented on hardware by using priority
multiplexer and simple binary counter. The multiplexer has Dy_4..D, data
inputs, Sy;_; ... So selection inputs and one output '0’. The following Boolean function is

implemented by mux, [2]

M1 i1
OUT = z Dyyei—y.S;. nsk (3.7)
i=0 k=0

The data inputs of mux are fed with M-bit data register sampled at f, while the selection
inputs are driven by M-bit counter clocked at 2™ f,. Each time new counter value arrives
at selection inputs which is checked for ‘one’ starting from LSB where k is the index of
first one (i.e. k = 1 for LSB up to K = M for MSB). The mux priority is arranged in such a
way that mux output ‘O’ takes the value of Dy,_; of data input. The output ‘O’ is kept
zero in case when all selection inputs are zero. The DDPM modulator hardware circuit

diagram is shown in Figure 3.2.
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Figure 3.2: Dyadic Digital Pulse Modulator Hardware

3.2. Dyadic digital pulse width modulation (DDPWM)

As we discussed in the previous chapter, there is a tradeoff among f.ix, few and Nppwu
so DC accuracy. For having high resolution of DPWM, we need very high clock frequency
(Ghz range) which is impractical in most applications. In this thesis, the effective
resolution of N-bit DPWM modulator is increased to N+M bit by employing DDPWM
technique to achieve LCO’s free operation without trading off among DC accuracy and
clock frequency.

[3] The value obtained from PID compensator is separated in n and m, where nis the
value represented in first N-bits while m is the value represented in last M-bits.

According to the technique, duty cycle is varying among two adjacent quantization

levels, i.e.,
n
Do = Z_n
n+1
D1 = o

So, the average duty cycle over period 2MT,, is calculated as,

n2Y—m n+1m n2M+m
on' T oM + ON oM . JN+M

(3.8)



As an example, for D = 593/512,N = 5 and M = 4, the whole process is explained in

Figure 3.3 below;

Hi-Res input Dyadic Digital Pulse

D=293/512 Width Modulation {DDPW M)

P e W=5 bit DPWM

[Z[o[o[1[olo[Z[o[] S - s
=5 WISEBs e D=18/32
F bit DP
N0 sialnlaly

6] 22 ]
in 2'+2%=5 rII 2°

i
of 16 DFWM | @ 21
periods the duty

cycle iz increased a
by one unit 1] 2

fd=4 bit DDPM
patterns

MNERT=5+4 bit
Dyadic Digital PWM

DOE18,32 DE(18+1)32=19/32
for m=11/16 pericds for o =516 periods

average duty cycle ower a DDPM frame

D :Dﬂml+ﬂ1u ] Resolution

NandeD bit [1/813)
18/32 * 11/164+ 1%/32 * 5/15=( 293 /512

Figure 3.3: DDPM pattern for D=293/512 with N=5 and M=4

DDPWM technique can be practically implemented by adding DDPM modulator along
with DPWM as shown in Figure 3.4. This way we can increase the effective resolution of

DPWM so the ADC resolution and hence achieve the LCO’s free operation condition.

Nabdbit
Dyadic Digital PAWM Modulator

Wit
DPWM Modulator

Digital RELM

New DOPM Modulator
PiD :ﬁ >
Compensator =

Figure 3.4: Proposed DDPWM Architecture



Chapter 4

4. Implementation & Approach

A digitally controlled synchronous DC-DC Boost converter is considered to validate the
approach proposed in the thesis. This choice is justified by the growing importance of
the boost converter in a variety of practical applications concerning renewable energy
technologies, power efficiency and power quality. Among the various applications, the
boost is employed as one of the main building blocks in photovoltaic power systems, in
battery powered and portable device applications, in the regenerative braking of motors
and in power factor correction (PFC) circuits to enhance the power quality of power

supplies.

4.1. Boost converter Continuous Time Modeling

Let’s start the discussion with the continuous time modeling of boost converter
designed to be operated in continuous-conduction-mode (CCM) with a switching
frequency in the MHz range while the voltage-mode (VM) digital control algorithm is

considered.

© Inductor

Diode

~— o

Device

Voltage Switching E
Source o | [ <] Capacitor

Figure 4.1: Boost converter circuit topology

The Transfer function of power stage for boost converter as shown in Figure 4.1 is [5],



l
v vy (Tra—pr DA+ ESRC)

d (a-bp32 ,,L_ 1 ICy o
L+ 2= pyS * T— 77"

(4.1

Where,
There are double moving poles due to LC, resonance and their frequency is,
_ _ 1 — Dax
fp12 - fLC—resonant -
’ 2m,/LC,
During switch-off, the inductance is hanging so introduces right half plane (RHP) zero
which makes control difficult. RHP zero is function of inductor (smaller is better) and

load resistance, i.e.,

Rmin

frap-z = (1 — Dmax)zT
In terms of magnitude RHP zero has same effect as regular zero but in phase it
introduces 90°delay instead of 90°boost.
The electrostatic series resistance (ESR) of output capacitor C, introduces zero in

transfer function whose frequency is,

1
Jesr-z =50 ESRC,

The power gain of converter is,

vinmin
(1 - Dmax)2 VTR

The design constraints for cross-over frequency f, is,

Power_gain =

1
fC < 1_Ofsw

1
fe < ZfRHP—Z

fc = ZfLC—resorant

Design specifications of the converter:

Input Voltage Vin = 7V — 10V

Output Voltage Vout = 12V

Output capacitor C, = 3uF, ESR = 45m(}
Switching Frequency f;,, = 3MHz

Load Resistor R = 250 — 30Q



C Vime o \2
For inductance use the relation [3], L, = C (R’:/IJ%) = 900nH
fSW

Cross-over frequency f. = o = 300KHz

Referring to MATLAB code in Appendix A, transfer function of power converter has been
calculated for above specifications by strictly following all the design constraints and is

reported in Figure 4.2.

Power Converter

T 1T T 1T 1717 T 7
/

N

701 |

Phase (deg)

§
T

Frequency (Hz)

Figure 4.2: Bode plot of continuous time transfer function of boost converter

Vo(s)  —2.938% 1073 s% + 6.008+107’s + 20.57
d(s)  7.935%10712s52+ 1.058%1077s + 1

frup—z = 14299 MHz
fLC—res ~ 60 KHz
frup—z = 1.15MHz

(4.2)

4.1.1. PID Controller Modeling

Next consider the PID controller (shown in Figure 4.3) transfer function to control CCM

VM boost converter,
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Figure 4.3: Continuous-time PID controller

K; K;s
C(s) = Ky +—+—2
S (1+N)

We also must add one pole ‘N’ with differentiator in order to avoid high frequency noise

Rearranging we get,

K .
(Wp+Kd>sz+(Kp+%)s+Ki

C(s) =

s(1+ %) ®

Also consider the controller having proportional-integral (PI) cascaded with

proportional-derivative (PD),

(1+Tys) 14+ Tys

C(s)=K 5
Tis (1 + N)
It can also be written as;
(K T;)s* + —K(T1T+ s+ Tﬁ
C(s) = = : (ii)
S(l + N)
By comparing above two equations for controller, we get;
K K(T,+T,) K; K,
K, =—, K, =————, K; =KT, ——
T, P T, N’ e 2N

At w,, the loop gain must be unity, i.e.,



KG(jw:.) =1 (iii)

With reference to Eq. 4.2 and Figure 4.2, at target crossover frequency f. =
300kHz (w, = 1.884 Mrad/sec), the magnitude G(jw.) = 0.818 and Phase Margin
PM = 4°,
From (iii), weget K = 1.23
Further, to have Phase margin PM = 60°, we must adjust PD controller parameters,
i.e.,

AMf = PM — PM(w,)

AMf =60 —4 =56

w.T, = tan 1 (AMf)
T, = 4.72%107°

This PD also effects w,, so again find K

K+ 20log(w, T,) = —|G(jw,)|

K = 0.0138
For adding Pl-controller part, choose T; such that ~ € (&,&
T1 ~ 30’10
L _ @ = 796410
—_—= — = = /. *
T, 15 !

Now, we can easily find K,, Ky, K; and N. For N choose frequency at RHP-zero
frequency.
N = 7.536 = 10° rad/sec
Ki =1733.6, Kp =0.0953, Kd =6.38x107"
So, the transfer function of PID controller is;

4828 s%+ 7.199%10°s + 1.306 = 1010
s?2+ 7.536x%106s

The bode plot of power converter, PID controller and open loop system is shown in

C(s) = (4.3)

Figure 4.4 below, (Appendix A)
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Figure 4.4: Bode plot of power converter, PID controller and open loop system

[4] Consider now the discrete version of boost converter VM in CCM. Determine first the

discrete-time small-signal dynamics of the control-to-output voltage, described by

transfer function G,,(z). The state space matrices of boost converter during switch-on

S1 and switch-off S, are,

1

B1:L,

Clz

0
1

1+,

R

)

143 1
L L
4do=| 1 1
C  RC,
1
BI_:BO:Z
0
1
Co = |"par 1+ 7,
R

As shown in Figure 4.5, trailing-edge modulator has been employed for modulation,

whose small signal parameters are,

phi '¢'=e

AO(Ts_td)eAlDTser(td_DTs)



gamma 'y’ = %BAO(Ts—td)F
T

delta's' = C,

X = (1 _ e(AlDTs)e(AOD’TS))—l[_eAlDTSAo—l(I _ e(AOD’TS))BO _ AIl(I _ e(AlDTS))Bl]V

‘ £ -
r(t) U / TN

-~y

o [er-
L = -f
o
y

Figure 4.5: Trailing Edge Modulator
Writing all the equations in MATLAB and using command ss(Phi, gamma, delta, 0, Ts)
we can evaluate the transfer function of discrete-time VM CCM boost converter. The
MATLAB code is given in Appendix. B, bode plot of discrete-time transfer function is

shown in Figure 14.

0.4206z — 0.01327

4.4
z2 — 1.96 z + 0.9882 (4

Gy (2) =

4.2.1. Digital PID compensator
The parallel structure PID realization is considered here because of its inherent
simplicity, which is governed by the following equations,
upy k] = K,elk]
u;[k] = w;[k — 1] + K;e[k]
uglk] = Kq(e[k] — e[k —1])
ulk] = up[k] + uqlk] + u;[k]

Taking Z-transform yields the standard additive form of digital PID transfer function,



i
1—2z71

The above transfer function has two poles at z=0 and z = 1and three zeros

Gpip(2) = K, +

+K;(1—2z71) (4.5)

determined by three coefficients K, K; and K.

In p-domain eq. 4.5 can be written as,

K, (1 * wﬂ) P
G'pip () = Ky + =+ KaTy
B
Wp
Where,
_ 2 W
“p = T, =

In multiplicative form, it can be written as

wP,) . G'ppo (1 + wLpD)

L
p 1+wp

G'pip(P) = G'pioo (1 + (4.6)

Once we determine p-domain parameters ( G'p;o0, G' ppo, Wp; and wpp), the z-domain
PI PDO» Wpj PD

parameters can be calculated as,

, , Wpy 2wpy
Ky = G prooG ppo (1 + @pp ( @ >> (4.7a)
, ' Wpy
Ki = 2G p1ooG ppo <_> (4.7D)
Wp
G p1eoG' ) W
K, = —Flet PO <1 - P’)( L _ 1) (4.7¢)
2 Wy ) \Wpp
Using MATLAB code in Appendix. B to calculate above coefficients, we get
K, = 0.26843
K; = 0.00927
K, = 1.2079

The z-domain transfer function of PID compensator is,

1.486 z% — 2.684z + 1.208

72 — 7

Gpip(2) = (4.8)

The bode plot of PID controller and open loop system is shown in Figure 4.6.



Dicsrete-time Boost Converter

Discrete-time PID Controller

Open Loop System

50| \ 50|
10} 1
40| A 40| N
\ s\ N |
£ \ g o\ g% 5 i
o \ H N\ / ¥ ™ 1\
2 20 \ el N 7 2 20 = \
£ \ E \ £ ~. \
g A g \ / g mE el
10) . 2 2 4 \
i -5 \ 4 \
\ / \
o N\ \ L/ o N
N o il E
0 N = 10 ™~
B
\
1
| — o 7k
45| 45 s Sy o
\ /
/ \ a
g g i \ g A
o -0 ER / K -
8 8 5 2 P
& 5 4 b i
‘ / |
138 45, / L
| / 135 J
// A\

Figure 4.6: Bode plot of discrete-time power converter, discrete-time PID controller and open loop system

4.3. Digital PID compensator Implementation

As anticipated in chapter 3, the DPWM can only produce pulses of quantized duty cycle.
Such quantization can be equivalently modeled as a quantization on the control
command u[k]. [4]

4.3.1. PID Coefficients Scaling and Quantization
Scaling and quantization are the two steps necessary to bring the compensator from its
system level formulation to a form suitable for implementation.

As we know, our ADC specifications are,

ADC resolution 'Nyp' =5

ADC input range 'V,," = 2v

ADC quantization interval 'q}pc = 0.0625
DPWM resolution 'Nppyp' = 8

N, =28 —1 =255

Therefore, the compensator scaling factor is

A = qupcN, = 15.93

Applying A to PID coefficients computed before, the new scaled coefficients are,
K, = 2K, = 0.4277
K; = AK; = 20.24
K, = AK; = 0.1477



Coefficient quantization may affect low frequency gain and crossover frequency as well
as phase margin. So, in order to minimize these effects, we must impose constraints so
that system may not get unstable or have lower performance.
Suppose T(z) is the loop gain of PID compensator after scaling and quantization. We
must impose constraint of €, and a, on magnitude and phase respectively to have
crossover frequency acceptable for my design, i.e.,

IT(2) —1],, < € (4.9qa)

12T (2) — £T(2)|w, < ¢ (4.9b)
Similarly, for low frequency performances (DC gain) we must impose constraint of ¢,

i.e.,

‘w €0 (4.10)

T(2)

0

Considering the following constraints for our design,
Constraint-I:

€. = 0.1%

a. = sin"1(e.) = 0.057°

Constraint-Il:

€0 = 10%

Following are the steps followed for the coefficient quantization

Transfer function now is; Gpip = K t— =t K;(1—2z7Y

Applying derivative; dGp;p = aGPID dR

danl

We get; dGp;p = dn,K, +— dngKz;(1—2z7Y

We know that, for low frequency constraint-Il only K; is responsible;

PID lw=0 4
_ |dnll?l| _ o ~
€9 = 7 => €K, = |dniKl|

I?l = 0.1477 is the best-chosen value in constraint range, which is represented in binary

form, i.e.,



K, = Qu[K}]
[K,]'Y, =[01001011101]

Moving to crossover frequency constraint-I, dn; K, has negligible effect on the constraint
compared to dnpl?; and dngzK;. So, we use previous K, and investigate dGp;p
depending on n, and n,.

For this use MATLAB code (Appendix. C) for sensitivity function to find contours at
different errors (0.1%, 0.2%, etc.) to get minimum no. of bits required for K, and K; and
then choose best values in binary form.

K, = Qu|K,] => [Kp]7; =[0110111]
Ky = Qu[Ky] => [K4]'2 = [010100001111]
4.3.2, Fixed Point PID controller implementation in HDL

In order to implement PID compensator on controller like FPGA, we need to write the
Hardware Description Language (HDL) of PID design. Here in this section the hardware
dynamic range of all the parameters involved in PID design shown in Figure 4.7 are

calculated. The effective dynamic range is, [4]

|

)

=

[

DR, /[¥] = 20log10 <

"=

Figure 4.7: Digital PID compensator design

The hardware dynamic range is

DRy, [X] = 20log10 <%)

n—12q
DRhW[a?]=ZOlog10< T ) (4.11)



Then using following formula to calculate word length,

= 1+ ceit | 2RmlX] 4.12
=T 20l0g2 (412)

The PID output "u’ is biased signal ranging from 0 to N, — 1, where Nr = 28 — 1 = 255

with granularity ‘g, = 1 (i.e, 2°). Therefore, the hardware dynamic range of u is,

DRy, [X] = 20log10 (%) = 72.24db
n= 1+ceil<%;‘iq[z]) = 9 bit
u is represented by 9-bit word with scale = 2°. One extra bit is for binary 2’s
complement (B2C), but u is always positive, so we can discard MSB.
Next step is to find e;,q, that is given to PID controller as an input. Our V,..; = 12V and
maximum output voltage transient is V, = 24 V. For Nypc =5 and Vypc pp = 2V,
€max Will be,
€max = 15 LSB
Proportional term u,:
i, [k] = K,e[k]
lower bound of ﬁp is quantization level 290f K, ,i.e., [ﬁpJ =277
And upper bound is, [ﬁp] = ermax
After some numerical calculations using eq. 20 and 21, we get
n,, =11 bit
Derivative term u,:
tlg[k] = Ky(e[k] — e[k — 1])
lower bound of i, is quantization level 290of K, i.e., |tig] = 27°
And upper bound is, [tig] = 2K €max
After some numerical calculations using eq. 20 and 21, we get
n,, = 17 bit
Integral term u;:

lower bound of #; is quantization level 290f K,, i. e., |ii;] = 2712



And upper bound is, [1%i;] = N, — 1
After some numerical calculations using eq. 20 and 21, we get

n,, = 21 bit
Also, for w;, lower bound of W; is quantization level 290f K,, i. e., |ii;] = 272
And upper bound is, [ii;] = K,e,max
After some numerical calculations using eq. 20 and 21, we get

n,, = 15 bit
As shown in Figure 14, the overall high resolution PID signal is;

Upip = Up + Ug + U;

B2C addition requires alignment of both i, and i, to #;, becausei; has lowest

quantization level, i.e., 2712

(8,12 = [1,]25,

[4]%% = [U4]%;
and [i1;]%3,
Now addition will be;
[upip]is = [ap]£612 + [0q]%32 + [W:]%%2
transforming up;p from 2712 t0 29, i.e,,
[upip]?i2 - [ux]g
The extra 9th bit is due to B2C. Discarding MSB, since control signal value can’t be

negative.

255if u, > 255
u§ =4 0ifu, <0
u, otherwise

MATLAB code in Appendix. C is used to find the hardware dynamic ranges of all the
required signal used for HDL implementation. The block diagram for HDL
implementation of parallel PID compensator realization is shown in Figure 4.8. The

Verilog code of complete PID compensator is attached in Appendix. D.
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Figure 4.8: Block diagram for HDL implementation of parallel PID compensator realization

4.3.3. DDPWM Implementation in HDL
The block diagram for HDL implementation of DDPWM realization is shown in Figure 4.9

below,[2]
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Figure 4.9: DDPWM Architecture

Our clock frequency is f.;x = SOMHz. The value 8 — bits long value ‘u’ obtained from
PID compensator is sampled at rate of f.;;,/2Y in N = 4 and M = 4 bits input register.
The M — bits are given to 4 — bit DDPM modulator clocked at f.;,/2"¥which results
either 0 or 1 which is then added to value ‘n’represented by N — bits. This added result
is then given to 4 — bits DPWM modulator whose counter is running at clock frequency

feik- The final DPWM output is the PWM signal which is used for converter switching



operation. The frequency of PWM signal is % = 3.125 MHz which is the switching

frequency of converter.[3]

The Verilog code of DDPWM modulator is attached in Appendix. D.

4.4. Simulation-based Experimental Methodology

In the complete system, we have mainly two stages, i.e., boost converter and digital PID

compensator. MATLAB-Simulink, Modelsim and co-simulation of both Simulink and

Modelsim are used in order to perform the simulation of complete system.

4.4.1.

MATLAB-Simulink for Power Converter’s Simulation

The synchronous DC-DC boost converter has been simulated in Simulink. The design

specifications of converter adopted for the simulation are listed in Table 4.1,

Table 4.1: Design specifications of boost converter

Input Voltage V;, 7 —10Volts
Input Capacitor C;, 1uF,r, = 2m
Inductor L 900nH, r, = 8mQ
MOSFET R,,, 24mQ,
Diode R, 24m()
Output Capacitor 3uF,r, = 40mQ
Co

Load Resistor R;,

250 —-300Q

The boost converter topology is shown in Figure 4.10 below,

Diode

[=]

o
-

~
L=

t
ERYE
dii:

Figure 4.10: Boost converter Simulink design
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As shown in Figure, load resistor switching block switches the load resistor to 250 or
300 during the simulation. This block is included to test the stability of circuit during
load transients.

4.4.2. Modelsim PE for Digital PID compensator and DDPWM realizations
Since digital controller is implemented in HDL, Modelsim PE an HDL simulator has been
used for its simulation. Both the HDL Verilog modules of digital PID compensator and

DDPWM are instantiated in top module. The inputs and outputs of top module are listed

in Table 4.2,
Table 4.2: Input-output of top module
Inputs Output
Clock clk PWM u’
Reset rst output
proportional 7-bits K, signal
gain
integral gain 11-bits K;
derivative gain 12-bits K,
ADC 5-bits
resolution Vade

The dataflow diagram of digital controller is shown in Figure 4.11 below,

Figure 4.11: Dataflow diagram of digital controller in Modelsim
4.4.3. Co-simulation of Simulink and Modelsim
Since we are using two different tools, i.e., Simulink for power converter and Modelsim

PE for digital controller, so for the simulation of complete design we must perform co-



simulation. Co-simulation has been done in MATLAB using cosim wizard shown in Figure

4.12 below,

Cosimulation Wizard

Steps

-> Cosimulation Type
HDL Files
HDL Compilation
Simulation Options
Input/Output Ports
Output Port Details
Clock/Reset Details
Start Time Alignment
Block Generation

Actions

Select the type of cosimulation you want to do. If the HDL simulator executable you want to use is not on the system
path in your environment, you must specify its location.

HOL cosimulation with: | Simulink *

HDL Simulator: | ModelSim -

@ Use HDL simulator executables on the system path

O Use the HDL simulator executables at the following location

HOL simulator installation path: Browse
Status
Help Cancel Mext =

Figure 4.12: MATLAB co-simulation Wizard

After performing necessary steps, we are ended with Modelsim Simulator block within a

Simulink window as shown in Figure 4.13. The block contains the HDL files for digital

controller that are simulating in Modelsim.




Compile HDL Design

Launch HDL Simulator

pid_controller_boost converteri

clk
Modelsim Kp

A‘LI "ﬁ Ki

Simulator Kd

5} iMe v adc

Figure 4.13: Modelsim Simulator block in Simulink window
Clock having frequency 50 Mhz is provided externally, values of K,,K; and K, are
assigned. The output voltage of converter 'v,’ is divided by 24 in order to interface with
ADC input range (i.e., 2V;,). The output of ADC is connected to ‘v_adc’ and "u’ is
connected to MOSFET gate. The Simulink design window for complete system

simulation is shown in Figure 4.14.

Table 4.3: Digital controller design Specifications

clock frequency f.i 50 MHz
switching frequency fq,, 3.125 MHz
K, [0110111]
K; [01001011101]
K, [010100001111]
Napc 5
Nppwm + Npppm 4+4
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Figure 4.14: Simulink design of complete system

4.5. Hardware Implementation Setup

The hardware implementation setup has mainly four stages, that are,

e EPC9006C development board is a 100V maximum device voltage, 7 A
maximum output current, half bridge with onboard gate drives, featuring the
EPC2007C enhancement mode (eGaN®) field effect transistor (FET). The
purpose of this development board is to simplify the evaluation process of the
EPC2007C eGaN FET by including all the critical components on a single board
that can be easily connected into any existing converter

e Printed Circuit Board (PCB) designed for synchronous DC-DC boost converter
which includes 12-pin female header used for its connectivity with
EPC9006C board and female SMA connector for ADC connection.

e High Speed Mezzanine Cards (HSMCs), is Data Conversion HSMC which contains
two AD9254,14 — bit 150 MSPS A/D converters. This device is designed for
high speed and high-performance applications.

e Altera DE2 — 115 cyclone-IV FPGA board used for HDL implementation of digital

controller which includes both digital PID compensator and DDPWM.



4.5.1. ADC Input & Output Interfacing

Data Conversion HSMC has two AD9254, 14 — bit 150 MSPS A/D converters which are
represented by channel A and channel B.

Input Interfacing:

There is a female SMA connector used for input to ADC. The inputs to these A/D
converters are transformer-coupled in order to create a balanced input. of the
converter. As the maximum differential input voltage to the converter is 2 Vpp and
usable voltage input to the SMA connector is approximately 512 mV when driven from
a 50 Ohm source, so in order to meet these requirements we have to interface it
properly. Voltage divider circuit is used for ADC input interfacing as shown in Figure

4.15.

Rz 4DC=50
Vabc

Figure 4.15: ADC input interfacing circuit

With reference to Figure 22, the R, and R, can be calculated as,

v, =y, — 2150 (4.13q)
inapc = "0"R ¥ (R, Il 50)

(Ry I Rz) =50 (4.13b)
. = 24V and taking V;

From simulation we know V, = 512mV, we get from

Oma

eq.(4.13a) and (4.13b), we get
R, = 1.15KQ and R, = 50.1Q

NADC-max

Output Interfacing:
The HSMC connector is used to connect ADC with FPGA by proper interfacing through
Verilog code. The following Table 4.4 shows ports and pins have been used to enable

channel-A A/D, clock selection and data output enable.



Table 4.4: ADA Port and Pins

ADA_OR

out of range indicator

AD_SCLK

data format selection, i.e.,
offset binary or B2C form

AD_SDIO

duty cycle stabilizer effect

ADA_OE

ADA output enable

ADA_SPI_CS

disable serial port
interfacing

FPGA_CLK_A_P

clock input

4.5.2. Boost converter PCB designing and connectivity with EPC2007 Board

The schematic diagram builds for PCB designing of synchronous DC-DC boost converter

is shown in Figure 4.16. The tool used for PCB designing is KiCAD.
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Figure 4.16: Schematic diagram of PCB design on KiCad

The list of components finalized for hardware implementation are shown in Table 4.5

below,



Table 4.5: Finalized components for PCB layout

Zener Diode for ADC input voltage 2V
protections
Fuse 54
Zener Diode for input voltage 15V
protections
Input Ceramic Capacitor 1uF, 25V
Load resistor 30Q ,30wW
Zener Diode for output voltage 25V
protections
Inductor 900nH, 84
R, 1.18KQ
R, 52.3Q
ADC connection Female SMA connector
Connection with EPC9006C 12 —pin Female header

development board

The final PCB layout is shown in Figure 4.17,

Figure 4.17: PCB layout of boost converter with EPC9006C board




4.5.3. FPGA Cyclone-IV DE2-115 for HDL Synthesis
The HDL-implementation of digital controller, i.e., digital PID compensator and DDPWM
has been done in cyclone-IV DE2-115 using Quartus prime tool. The controller will use
internal clock having frequency of 50 MHZ of FPGA, which is divided by clock divider
HDL code to 3.125 MHz equivalent to switching frequency. The pin assignment used in

our project is described in Table 4.6,

Table 4.6: Pin assignments for FPGA

KEY|[3] Reset
SW|0] Data Format Select
SWI1] Duty cycle stabilizer
SW|2] DDPM enabling or disabling
LEDG|3] ADC out of range indication
GPIO[1] output PWM signal

The picture of complete hardware setup is shown in Figure 4.18 below,

Figure 4.18: Complete hardware setup



Chapter 5
5. Result & Analysis

5.1. Simulation-based Results
The impact of using DDPWM to remove limit-cycles oscillations was described in section

3.1. We compare the output voltage, output current and inductor current of boost
converter with DPWM-based and DDPWM based digital controller in this subsection.
The design specifications used for boost converter and digital controller was described
in table 4.1 and 4.3 respectively (detailed in section 4.4).

5.1.1. DPWM controller
The design guidelines for LCO’s free operation is to have Nppyy > Nypc described in
section 2.2. But in this case our digital controller has only DPWM module along with PID
compensator whose resolution is 4 — bits, while the ADC resolution is 5 — bits. Figure
5.1, 5.2 and 5.3 shows the output voltage v,, output current i, and inductor current i;
of boost converter respectively.
Each time controller is trying to drive output to zero-error bin, but there is no DPWM
guantization interval lies into the zero-error bin, therefore output is oscillating around
the zero-error bin at DPWM levels so produces square-wave like low-frequency
oscillations that are clearly seen at output voltage v, and output current i, in Figure 5.1
and 5.2 respectively. These unwanted low-frequency oscillations are the limit-cycles
oscillation. The frequency of these oscillations is found to be around 16 KHz.
As discussed in section 4.4.1, the load is switches from 25 Q to 30Q at 0.5ms. This
effect can be seen in Figure 5.2, output current i, is switches from 0.45 A to 0.35 A at

load transient, while output voltage v, stays constant at approximately 12 V.
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Figure 5.2: Boost converter output current i, with Nypc = 5, Nppywy = 4 and Npppyy = 0
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Figure 5.3: Boost converter inductor current i; with Nypc = 5, Nppywy = 4 and Npppy = 0

i

The Figure 5.3 shows the inductor current i; of the boost converter. There is a large
distortion and pulses of different magnitudes in i;. It is seen that i; also approaches to
zero which is unacceptable in continuous conduction mode.
pid_contraller_boost_converter/ck [N L Y YK i L il ‘ il L |
Ioid_contraller_boost_converter/clkd i H I

Ipid_controller_boost_converterfe_comp = | 14'h0215 | 140223 ] 14h0tad][ 14h01d0 | 1enotet [14noteb [[14n01f6 | 140201 | t4h0200] 1400219 ] 14hotcf | 14n01b6 ] 14'hored J 14h0tck
!

[pid_contraller_boost_converter/e 5L | 5hoo [ 5ot [ 5h00
/pid_controller_boost_converter/Kp 7fh37
/pid_controller_boost_converter/Ki ‘i‘hzsd
/pid_controller_boost_converter/Kd !.+2‘h50f

I
Jpid_controller_boost_converter/v_ade - | 14'h0dea [ 14h0dde | 14h0e22[ 14n0eaf | 14hoete [14h0e14 [[14h0e08 | 14'm0dfe | 14'h0dr4 | 14n0de6 | 14h0e30 | 14h0e40 [ 14'hoe3b | 14h0e30 [~

Jpid_controller_boost converteriu | [ || | [ [ [1 [ [ 1]l [ [] [1 L
Jpid_controller_boost_converter/up _11'h037 | 11'h000 | 110037 1 11000

Joid_contreller_boost_converter/ui | | 2hosoadn | armosess | 21'h034688 ]zrms:fda [ arnozm  2rmosneo Izi‘h[)}:[)bﬁ

Jpid_contraller_boost_converter/ud _-| | 17'h00000 | 17hifsft || 17h00000 | 17hooser | 17h00000 | 17nfar1 | 17000000
[pid_controller_boost_converterfupid T | 2enazaan | arnazenss | aunsooona |[ 21'm034688 ]Zl'h[)f}ﬁﬁ [ zunassets | arnoesm IzL\rzvaojﬂ ] 2103000
fpid_controller_boost_converter/uhh == | 8hff [ 8h3b_ | 8h3e  [[8h00 IWT | 8hff ]B{'MS [8ha9 [ [8ho0 [ Bh3f

Figure 5.4: Timing diagram of digital controller parameters with Nypc = 5, Nppywy = 4, Npppy = 0
Figure 5.4 shows the Modelsim simulation results of timing diagrams of all the signals
and wires used in digital controllers, (i.e. digital PID compensator and DPWM). The ‘uhh’
is the duty cycles generated by PID compensator which is not constant since controller is

not able to drive output to zero-error bin.



5.1.2. DDPWM controller
In this case digital controller has both 4 — bits DPWM and 4 — bits DDPM module
along with PID compensator. Following the design guideline for LCO’s free operation,
i.e., Nppwum > Nypc now the effective resolution of DDPWM is 8 — bits, while the ADC
resolution is 5 — bits. Figure 5.5, 5.6 and 5.7 shows the output voltage v,, output
current i, and inductor current i; of boost converter respectively. It is seen that, there is
no limit-cycles oscillations at output voltage and current. Also, during the load switching
(i.e., 250 to 30Q at 0.5ms), the voltage remains stable at 12 V and current switches

from 0.48 A to 0.4 A after short transient.

Figure 5.5: Boost converter output Voltage v, with Nypc = 5, Nppwu = 4 and Npppy = 4
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Figure 5.7: Boost converter inductor current i; with Nypc = 5, Nppwy = 4 and Npppy = 4
The inductor current i; has no distortion and it never approaches to zero which shows

continuous conduction mode (CCM) of converter.
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Figure 5.8: Timing diagram of digital controller parameters with Nypc = 5, Nppywu = 4, Npppu = 4

Figure 5.8 shows the Modelsim simulation results of timing diagrams of all the signals

and wires used in digital controllers during steady state. The duty-cycle 8 — bit "'uhh’

generated by PID compensator is constant and error ‘e’ to controller is zero since

controller is now able to drive output to zero-error bin. The controller output ‘U’ is

modulated between two adjacent quantized levels. The output of DDPM ‘ddpm_out’ is

periodic over a period of 16Ty,,. Due to this periodicity, the output voltage contains

DDPM ripples of frequency

fsw

_ 3.125M

2Nppwm —

16

= 195KHz as shown in Figure 5.9.
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Figure 5.9: DDPM ripples at output voltage v,



Chapter 6

6. Conclusion

In this thesis, an innovative technique intended to increase the resolution of the DPWM
for LCO-free operation of switch-mode power converters is analyzed and experimentally
evaluated. More precisely, the novel DDPWM is adopted as a systematic approach that
generalizes and extends the standard PWM dithering techniques to achieve accurate,
LCO-free operation in a digital converter at negligible cost and design effort and without
any detrimental effect on the output ripple voltage. A digitally controlled DC-DC Boost
converter is considered to validate the approach proposed in the thesis, which is
designed to operate in continuous-conduction-mode with a switching frequency in the
MHz range while voltage-mode digital control algorithm is considered. We have
demonstrated our approach on Simulink and Modelsim simulation tools. The obtained
results, i.e., output voltage, output current and inductor current for both DPWM-
modulator and DDPWM-modulator are compared and the effectiveness of the DDPWM
in mitigating the onset of the LCOs is verified versus different operating conditions and
digital control parameters.

DDPWM is effective technique for LCOs free operation, but it introduces DDPM ripples
at output voltage which may be undesirous for low-resolution DPWM applications.
Future work could consider implementing DDPWM in additional benchmark, i.e., the

mitigation of DDPM ripples at output voltage.



Appendices

A. Matlab code for continuous-time boost converter and
PID controller

clear all

clc

format shorte
format compact

Vin min=7; Vin max=10;Esr=0.04;Vref=2.5;Vtr=1;

Vo=12;
C=3e-6; %fixed output Capacitor
fsw=3e6;

%$Duty Cycles Calculations
Dmax = 1 - Vin min/Vo
Dmin = 1 - Vin max/Vo

$Frequencies Adjustment

fc = fsw/10; $crossover frequency

R= input ("Put any normalized wvalue for load resistance: "); % between L
and R we have very low range to adjust frhp and fres under control

Rmin = R- 5/100*R; Rmax= R+ 5/100*R ; % 5% tolerance % so we have

to choose carefully both L and R according to given formulas.

Iin max = Vo/ ((1-Dmax) *Rmin)

I0 max = Vo/ (Rmin)

Dcem max = 1/3; % Max value for expression D(1-D)”"2 is at D=1/3 which is in
our range

Lccem = (l—Dccm_max)A2*(Dccm_max)*Rmax/(Z*fsw)

M = 15; % this is for ceramic capacitor (ref slva274a)

ILmax = C* (Rmin/M*Vin min/Vo) "2 % reference from power book

$L=input ("Enter normalized value of L greater than Lccm and less than Lmax:

ll)

L=900e-9;

D=1/2; % Max value for expression D(1-D) is at D=1/2

delta I 1 = Vo*D*(1-D)/(L*fsw) % Inductor Ripple Current

frhp z = (Rmin* (1-Dmax) "2)/(2*3.14*L) % Right Half plane Zero frequency due
to L

fres = (1-Dmax)/ (2*pi*sqrt (L*C)) %$resonant frequency

fesr z = 1/(2*pi*C*Esr) %$ESR zero frequency

Iin max = Vo/ ((l1-Dmax) *Rmin)

Iin min = Vo/ ((1-Dmin) *Rmax)




Imax = Iin max + delta I 1/2

dlta I 1 = Vo*Dmin* (1-Dmin)/ (L*fsw);
Imin = Iin min - dlta I 1/2

if fres <= fc/3 %check for resonant freqg (fc/3)
fprintf ("Resonance Frequency is okay\n");
else
fprintf ("Resonance Frequency is not okay\n");
end

if frhp z >= 4*fc

fprintf ("RHP zero Frequency is okay\n");
else

fprintf ("RHP zero Frequency is not okay\n");

end

%%%%%%%%% Power Block %$%%%%%%%%%%%%%%
s=tf('s');
kd=(Vin min/ (1-Dmax) *2) /Vtr;
szl=1/(Esr*C);

sz2 = ((1-Dmax)"2)*R/L;

sp=(1-Dmax) /sqgrt (L*C) ;

Q=R* (1-Dmax) *sqrt (C/L) ;

nl = [1/szl 1]1;

n2=[-1/sz2 17;

NUM= conv (nl,n2);

DEN = [1/(sp"2) 1/(sp*Q) 11;
poles pow=roots (DEN)

sysPOW = kd*tf (NUM, DEN)
poles=roots (DEN) ;
PP=bodeoptions;

PP.FreqUnits ='Hz';

PP.Grid ='on';

subplot (131)

bode (sysPOW, PP)

%pidtool (sysPOW)

title ("\fontsize{1l6} Power Converter")
$PID

kp=0.0953;

ki=1733;

kd=6.28e-7;

N=7.536e6;

sysPID= (kp+ki/s+ (kd*s/ (1+s/N)))
subplot (132)

bode (sysPID, PP)

title ("\fontsize{1l6} PID Controller")
%closed loop

sysLOOP = sysPOW * sysPID
subplot (133)

bode (sysLOOP, PP)

title ("\fontsize{1l6} Open Loop")




B. Matlab code for discrete-time boost converter and PID
controller

Clc

clear all

Vg=10;

Rload=25;

Vlocad=12;

Iload = Vload/Rload;
D=1-Vg/Vload;
td=100e-9;

fsw=3e6;

Ts=1/fsw;

L=900e-9;

rL=0.02;

C=3e-6;

rC=0.04;

Dprime=1-D;
rpar=(rC)/ (1+rC/Rload) ;
z=tf('z',Ts);

Al=[-rL/L 0;0 -1/Rload/C];
AQO=[-rL/L -1/L;1/C -1/Rload/C];
bl=[1/L;0];

b0=bl;

cl=[0 1/ (1+rC/Rload)];

cO=[rpar 1/ (1+rC/Rload)];

Ali=Al1"-1;

AQi=A0"-1;

Xdown=( (eye (2) —expm (A1*D*Ts) *expm (A0*Dprime*Ts) ) "-1) * (-

expm (A1*D*Ts) *AQ0i* (eye (2) —expm (A0*Dprime*Ts) ) *b0-Ali* (eye (2) -

expm (A1*D*Ts) ) *bl) * [Vg];

Xup=expm (A0*Dprime*Ts) *Xdown-A0i* (eye (2) —expm (AQ0*Dprime*Ts) ) *b0* [Vg] ;
Fdown=(A1-AQ0) *Xdown+ (b1-b0) * [Vg];

Fup=(A1-A0) *Xup+ (b1-b0) * [Vg] ;

$Small-signalmodelmatrices

$Phi=expm (A0*Dprime*Ts/2) *expm (A1*D*Ts) *expm (A0*Dprime*Ts/2) ; %sym edge
$gamma= (Ts/2) *expm (AO0*Dprime*Ts/2) * (Fdown+expm (A1*D*Ts) *Fup) ; $sym edge

Phi=expm (AQ0* (Ts-td)) *expm (A1*D*Ts) *expm (A0* (td-D*Ts)); Strailing edge
gamma = Ts*expm (AO0* (Ts-td)) *Fdown; $trailing edge

delta=cO0;

%$Convertfromstate-spacetotransferfunctionobject

sys=ss (Phi, gamma,delta,0,Ts);

Wz=tf (sys)

909 000 o9 000 [SReRe] PIDQQQQQQQQQQQQQQO 9900000000

%$Targetcrossoverfrequencyandphasemargin
wc=2*pi*300e3;

mphi=(pi/180)*60;%Inradians
%$MagnitudeandphaseofTuzatthetargetcrossoverfrequency
[m, pl=bode (Wz,wc) ;




p=(pi/180) *p;

$Prewarpingonwc

wcp=(2/Ts) *tan (wc*Ts/2) ;

%PDDesign

wp=2*pi*fsw/pi;

pw=atan (wcp/wp) ;

wPD=(1/ (tan (-pi+mphi-p+pw) /wcp)) ;
GPDO=sqrt (1+ (wcp/wp) *2) / (m* (sqrt (1+ (wcp/wPD) ~2))) ;
$PIzeroandhigh-frequencygain

wPI=wc/15;

GPIinf=1;

%$Proportional, IntegralandDerivativeGains
Kp=GPIinf*GPDO* (1+wPI/wPD-2*wPI/wp)
SKp=0.05

Ki=2*GPIinf*GPDO*wPI/wp
Kd=GPIinf*GPDO/2* (1-wPI/wp) * (wp/wPD-1)
%$PIDTransferfunction

z=tf('z',Ts);

Gcz=Kp+Ki/ (1-z"-1)+Kd* (1-z"-1)

PP=bodeoptions;

PP.FreqUnits ='Hz';

PP.Grid ='on';

subplot (131)

bode (Wz, PP)

title("\fontsize{l6} Dicsrete-time Boost Converter")
subplot (132)

bode (Gcz, PP)

title ("\fontsize{1l6} Discrete-time PID Controller")
subplot (133)

bode (Wz*Gcz, PP)

title("\fontsize{1l6} Open Loop System")




C. Matlab code to find hardware-dynamic ranges of all
signals involved in digital PID controller

Clc

clear all

n_adc=input ('Enter no. of bits of ADC: ');
dpwm n=input ('Enter no. of bits of DPWM: ');
ddpwm_n=input ('Enter no. of bits of DDPWM: ');
$kp=0.0249;

$ki=0.0087;

%$kd=1.083;

kp=0.02684;

ki=0.00927;

kd=1.27;

vmin=0;

vmax=2;

n_dpwm=dpwm n+ddpwm n;

ADC g= (vmax-vmin)/2”n_adc;

Nr=2"n dpwm-1;
sf=ADC_g*Nr;
kpp=sf*kp;
kii=ki*sf;
kdd=sf*kd;
kp n=7;
kpg=0n (kpp, kp_n) ;
kp_g=-kpq.q;
kd n=12;
kdg=0Qn (kdd, kd_n) ;
kd g=-kdg.q;
ki n=11;
kig=Qn (kii, ki n);
ki g=-kig.qg;
emax=2"(n_adc-1)-1;
n up=1l+ceil (20*log (kpp*emax/2"kpqg.q)/20/1log(2));
n_upp=n_up+7-1;
n ud=l+ceil (20*log(2*kdd*emax/2"kdq.q)/20/1log(2));
n_udd=n_ud+7-1;
n ui=l+ceil (20*log (Nr/2"kiqg.q)/20/1log(2));
n wi=l+ceil (20*log(kii*emax/2%kiq.q)/20/1log(2));
n wii=n wi+7-1;
upp_zeros=kp g-ki q;
udd zeros=kd g-ki qg;
emax;
fprintf ('Parameters for controller\ne n= %i\ndpwm n= %$i\nddpwm n= %i\nkp n=
$i\nkp g= %i\nkd n= %$i\nkd g= %i\nki n= %$i\nki g= %i\nup n= %$i\nud n=
%$i\nui n= %i\nwi n= %$i\n'...
,n_adc,dpwm _n,ddpwm n,kp n,kp g,kd n,kd g,ki n,ki g,n up,n ud,n ui,n wi)
fprintf ('vref= %1, Kp= %1, Ki= %i, Kd= %i\n', emax, kpg.w, kiq.w, kdg.w)




D. Verilog code for digital PID controller

module pid controller boost converter (rst,clk,Kp,Ki,Kd,e,u);

parameter e n=5;
parameter dpwm n= 4;
parameter ddpwm n= 4;
parameter kp n=7;
parameter kp g=8;
parameter kd n=12;
parameter kd g=7;
parameter ki n=11;
parameter ki g=3;
parameter up n=11;
parameter ud n=17;
parameter ui n=22;
parameter wi n=15;

input clk;

wire clkl2;

input rst;

reg signed [e n-1:0] ee;

input signed [kp n-1:0] Kp; //[7,-13]
input signed [ki n-1:0] Ki; //[7,-14]

input signed [kd n-1:0] Kd; //[10,-10]
input signed [e n-1:0] e; //[14,0]

output u;//[1,0]

reg signed [e n-1:0] el; //[14,0]

wire signed [up n-1:0] up; //[20,-13]

wire signed [up n-1+46:0] upp; //[26,-13]
wire signed([ui n-1:0] ui; //[27,-14]

reg signed[ui n-1:0] uii; //[27,-14]

reg signed [ui n-1:0] uil; //[27,-14]

wire signed [wi n-1:0] wi; //[20,-14]

wire signed [wi n-1+6:0] wii; //[26,-14]
wire signed [ud n-1:0] ud; //[24,-10]

wire signed [ud n-1+6:0] udd; //[30,-10]
wire signed [e n:0] wd; //[15,0]

wire signed [ud n-1+6+ (ki g-kd qg):0] upd; //[34,-14]
wire signed [ui n-1:0] upid; //[34,-14]
wire signed [dpwm n+ddpwm n:0] ux; //[20,0]
wire unsigned [dpwm n+ddpwm n-1:0]uh;//[12,0]
reg [dpwm n-1:0] count;

reg [ddpwm n-1:0] countm;

reg ddpm out;

wire [ddpwm n-1:0] ff;

//****************************************

[
[
[
[
[
[

///Combinationalpart
//****************************************
initial

begin

uil<={(ui n) {1'b0}};

count<=0;




countm<=0;

end

always@ (negedge clkl2)
begin

ee<=e;

uii<=ui;

end

always@ (negedge clk)

if (rst)

begin

uil<={(ui_n){1'b0}};

count<=0;

countm<=0;

end

saturated multiplier Kp mult (e,Kp,up,):;

defparam Kp mult.n=e n,Kp mult.p=kp n,Kp mult.m=up n;
saturated multiplier Kp mult4 (up,6'b011000,upp,):
defparam Kp mult4.n=up n,Kp multd4.p=6,Kp mult4d.m=up n+6;
saturated multiplier Ki mult(e,Ki,wi,);

defparam Ki mult.n=e n,Ki mult.p=ki n,Ki mult.m=wi n;
saturated multiplier Kp mult5 (wi, 6'b011000,wii,);
defparam Kp mult5.n=wi n,Kp mult5.p=6,Kp mult5.m=wi n+6;
saturated adder Ki add(uil,wii,ui,,1'bl);

defparam Ki add.n=ui n,Ki add.p=wi n+6,Ki add.m=ui n;
saturated adder Kd sub(e,el,wd,,1'b0);

defparam Kd sub.n=e n,Kd sub.p=e n,Kd sub.m=e n+l;
saturated multiplier Kd mult (wd,Kd,ud,) ;

defparam Kd mult.n=e n+l,Kd mult.p=kd n,Kd mult.m=ud n;
saturated multiplier Kp multé (ud,6'b011000,udd,):;
defparam Kp mult6.n=ud n,Kp mult6.p=6,Kp mult6.m=ud n+6;

saturated adder upd_add ({upp, { (ki _g-kp _gq) {1'b0}}}, {udd, { (ki_g-
kd_q) {1'b0}}},upd,,1'bl);
defparam upd add.n=up n+6+ (ki g-kp q),upd add.p=ud n+6+ (ki g-

kd g) ,upd add.m=ud n+6+ (ki g-kd q);

saturated adder upid add(upd,ui,upid,,1'bl);

defparam upid add.n=ud n+6+ (ki g-kd q),upid add.p=ui n,upid add.m=ui n;
assign ux=upid[ui n-1:ki gJ;

assign uh=(ux[dpwm n]==1'bl)?{ (dpwm n) {1'b0}}:ux[dpwm n-1:0];
assign u = (uh[dpwm n-1:ddpwm n]+ddpm out)>count;

assign ff=uh[ddpwm n-1:0];

assign clkl2=~count[dpwm n-1];

//ddpm uddp (ff, clkl2, countm,ul, rst,clk,dataab);

//****************************************

//Sequentialpart
//****************************************
always@ (posedge clkl2)

begin

el<=ee;

uil<=uii;

countm<=countm+1;

end




always@ (posedge clk)
begin
count<=count+1;

end

always @ (*)
begin
if (countm[0]==

)
ddpm out <= ff[3];
else if(countm[l]==1)
ddpm out <= ff[2];
else if (countm[2]==1)
ddpm out <= ff[1];
else if(countm[3]==1)
ddpm out <= ff[0];
else
ddpm out <= 0;
end
endmodule

module saturated adder(x,y,z,0V,o0p);
function integer max;

input integer left,right;

if (left>right)

max=left;

else

max=right;

endfunction

parameter n;

parameter p;

parameter m;//Assumingm<=max (n,p)+1
parameter mx=max(n,p)+1;

input signed [n-1:0]1x;

input signed [p-1:0]y;

output reg signed [m-1:0] z;
input op;

output reg OV;

wire signed[n:0]xx={x[n-1],x};
wire signed[p:0]yx={yl[p-1]1,v};
wire signed[mx-1:0]zx;

assign zx=(op==1'bl) ?xXxX+yX:XX-yX;
reg temp;

integer I;

always@ (zx)

begin

temp=1"'b0;

for (I=m; I<=mx-1;I=I+1)
begin
if((zx[I]"zx[m-1])==1"bl)
temp=1'bl;

end

OV=temp;




end

always@ (OV, zx)

case (0OV)
1'b0:z=zx[m-1:0];

1'bl:

begin

if (zx[mx-1]==1"'b0)
z={1'b0, { (m-1) {1'b1}}};
else
z={1'bl, { (m-1) {1'bO}}};
end

endcase

endmodule

module saturated multiplier(x,y,z,0V);
parameter n;

parameter p;

parameter m;//Assumingm<=n+p
input signed [n-1:0] x;//I[n,ql]
input signed[p-1:0]y;//[p,1]
output reg [m-1:0]z;//[m,g+1]
output reg OV;

wire signed [n+p-1:0]zx;
assign zx=x*y;

reg temp;

integer I;

always@ (zx)

begin

temp=1"'b0;

for (I=m; I<=n+p-1;I=I+1)
begin
1if((zx[I]"zx[m-1])==1"b1)
temp=1'bl;

end

OV=temp;

end

always@ (OV, zx)

case (OV)

1'b0:z=zx[m-1:0];

1'bl:

begin

if(zx[n+p-1]1==1"'b0)
z={1'b0, { (m-1) {1'b1}}};

else

z={1'bl, {(m-1){1'b0}}};

end

endcase

endmodule




References

[1] Angel V. Peterchev, S. R. (2003). Quantization Resolution and Limit Cycling in
Digitally Controlled PWM Converters. IEEE TRANSACTIONS ON POWER
ELECTRONICS, 8.

[2] P.S. Crovetti, F. G. (n.d.). Dyadic Digital Pulse Width Modulation for Limit Cycle-
Free Digitally Controlled Power Converters . 3. 480-484.

[3] Crovetti, P. S. (2017). All-Digital High Resolution D/A Conversion by Dyadic Digital
Pulse Modulation. IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I, 12.

[4] Luca Corradini, D. M. (n.d.). Digital Control of high-frequency Switched-mode
Power Converters. |EEE Press.

[5] Mohan, U. R. (n.d.). Power Electronics: Converters, Applications and Design.
Addison Wesley.

[6] A. M. Wu, J. X. (1999). PWM control Application in voltage regulation modules.
Proc. IEEE Power Electronics, 77-83.

[7] A. P. Dancy, R. A. (2000). High-efficiency multiple-output DC-DC conversion for
low-voltage systems. IEEE Trans. VLS| Syst., 252-263.

[8] Ang, T. W. (1995). Digital control of switching converters. IEEE Int. Symp. Ind
Electron,

[9] Angel Vladimirov Peterchev, S. R. (2006). Digital Control of PWM Converters:
Analysis and Application to Voltage Regulation Modules. University of California
at Berkeley: Technical Report No. UCB/EECS-2006-146.

[10] B. J. Patella, A. P. (2003). High-frequency digital PWM controller IC for dc—
dc converters. IEEE Trans. Power Electronics, 438-446.

[11] Chandrakasan, A. P. (1997). Ultra low power control circuits for PWM
converters. IEEE Power Electron., 21-27.

[12] (2008). Data Conversion HSMC. ALTERA.

[13] G. F. Franklin, J. D. (1998). Digital Control of Dynamic Systems. Addison-
Wesley.

[14] G. Luckjiff, 1. D. (1995). Interpolative sigma delta modulators for high
frequency power electronic applications. IEEE Power Electron, 444-455.

[15] Galton, G. a. (2013). A reconfigurable mostly-digital delta-sigma ADC with
a worst-case FOM of 160dB. /EEE J. Solid-State Circuits, 983-995.

[16] Hao Peng, A. P. (2007). Modeling of Quantization Effects in Digitally
Controlled DC-DC Converters. [EEE TRANSACTIONS ON POWER ELECTRONICS, 8.

[17] Kartik Sharma, D. K. (2017). Design of Digital PID Controller for Voltage
Mode Control of DC-DC Converters. (p. 6). Rajasthan, India: IEEE.

[18] Kurian, S. G. (2016). Reduction in limit cycle oscillation and conducted
electromagnetic emissions by switching frequency adjustment in digitally
controlled DC-DC converters. EPE Journal, 9.



[19] Lenk, S. C. (1997). Stabilized power converter having quantized duty
cycle. U.S. Patent 5 594 324.

[20] P. Murphy, M. X. (n.d.). Study of Digital Vs Analog Control. Center for
Power Electronics Systems, (p. 4). Blacksburg, VA 24061 USA .

[21] Peng H, M. D. (2004). Modelling of quantization efects in digitally
controlled DC-DC converters. IEEE Trans Power Electron, 208-215.

[22] Sanders, A. P. (2003). Quantization resolution and limit cycling in digitally
controlled PWM converters. [EEE Trans. Power Electron, 301-308.



