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ABSTRACT 

The objective of this thesis was to develop and validate a phase-locked loop (PLL) 

model suitable for transient stability studies of power systems. Such a model is to be 

implemented in transient stability programs. This objective has been achieved through 

the following phases: 

The phase-locked loop was modelled in details by means of the PSPICE simulation 

software. Three types of PLL were simulated: PLL with PI controller, PLL with PI 

controller including a filter and PLL with PI controller including the synchronous (Fourier) 

filter. The PLL dynamics was evaluated by means of step responses to phase and amplitude 

perturbations, while the PLL harmonic performance was evaluated using the second 

harmonic component added to the input signal. 

In order to validate the PLL detailed models, the PLL circuits were realized in 

electronic components. The test were performed and step responses to the phase 

and amplitude perturbations were recorded as well as to steady-state second harmonic 

excitation. The very close agreement between laboratory recordings with the simulation 

results, was achieved. 

PLL reduced models suitable for transient stability studies of power systems were 

analytically developed. Nonlinear PLL reduced model is suitable for transient stability 

studies based on numerical integration, while the linear PLL reduced model is suitable for 

transient stability studies based on eigenvalue analysis. 

The dynamics of the PLL reduced models was evaluated by means of step responses to 

phase and amplitude perturbation. The close agreement between the obtained results with 

those obtained by detailed simulation fully validated the developed PLL reduced models. 

The development of such models represents an original contribution to phase-locked loop 

modelling \n transient stability studies of power systems. 

The development procedure of this thesis, demonstrated that the PSPICE simulation 

program could be applied for development of reduced models of other analog circuits and 

control systems which are to be used in power system stability programs. 



RESUME 

L'objectif de cette these est de developper et de verifier un modele pour les boucles 

d'accrocha.ge de phase, utilisable dans les etudes de sta.bilite transitoire des resea.ux de 

transport. Cet objectif a. ete a.tteint a.u moyen des phases suiva.ntes: 

La. boucle de phase a ete simulee a.u moyen du logiciel de simulation PSPICE. Trois 

types de boucles de phase ont ete realises: a.vec controleur PI (proportionnel integra.le), 

PI a.vec filtre, et PI a.vec filtre synchronne (Fourier). La. dynamique des boucles de phase 

a ete eva.lue a.u moyen de leur reponse a. des perturbations en echelon de la phase ou de 

l'amplitude, ta.ndis que la. performance ha.rmonique a. ete etudie en ajouta.nt du deuxieme 

harmonique au signal d'entree. 

Pour va.lider les modeles deta.illes, les boucles de phase ont aussi ete realises a.vec des 

composa.nts electroniques et soumis a.ux meme perturba.tions. Des resultats tres sembla.bles 

ont ete obtenus au moyen de ces deux methodes. 

Des modeles simplifies pour les etudes de sta.bilite transitoire ont ete developpes de 

f~on ana.logique. Le modele nonlinea.ire est utilisable da.ns les programmes bases sur 

}'integration numerique, tandis que le modele linea.ire simplifie l'est dans les programmes 

d'etude de sta.bilite a.u moyen des va.leur propres. 

La. dynamique des modeles simplifies a. ete evaluee de la. meme fa.~on que pour les 

modeles deta.illes. La tres bonne concordance obtenue entre les resultats des modeles 

deta.illes et simplifies valide entierement ces derniers. Le developpement de ces modeles 

represente une contribution originate pour la. simulation des boucles de phase da.ns I' etude 

de la stabilite tra.nsitoire des resea.ux de transport d'energie. 

De plus, le developpement effectue pour cette these a. permis de montrer que le 

programme de simulation PSPICE pourra.1t etre e:ffica.cement utilise pour developper des 

modeles de circuit analogique de controle utilise dans les programmes de sta.bilite des 

resea.ux de transport d'energie. 
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NOMENCLATURE 

PLL input signal phase 

PLL output signal phase 

Phase error 

Angular frequency 

Free running angular frequency 

Frequency of the input voltage 

Error frequency 

First time contact of the RC oscillator 

Second time contacat of the RC oscillator 

Time contact of the low-pass filter 

Control gain 

Resultant susceptance of the compensator 

Capacitive susceptance of the compensator 

Inductive susceptance of the compensator 

Central frequency of the oscillator 

Drain curent 

Drain-Source saturation current 

Feedback current of the law-pass filter 

Input current of the low-pass filter 

Maximun.x value of the voltage controlled current source 

De gain of the regulator 

Gain of the phase detector model 

DC filter gain 

Gain of the I controller 

De gain of the P controller 

Forward loop gain 

Gain of the VCO model 

Voltage controller oscillator gain 
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,..,., LPF Low-pass filter ....., 
PD Phase detector 

PLL Phase-Locked Loop 

Rf Low-pass filter resistance 

s Laplace transform operator 

SR Saturated-reactor compensatror 

TCR Thyristor-controller reactor compensators 

TCR/TSC Hybrid compensator 

TSC Thyristor-switched capacitor compensators 

Vo 2nd Output voltage of the RC oscillator 

Vt First output voltage of the RC oscillator 

Vc Control voltage of the voltage controlled oscillator 

vco Voltage controlled oscillator 

Vas Gate-Source voltage 

I Vi I Voltage magnitude of the input signal 

IVol Voltage magnitude of the output signal 

Vp Pinch-off voltage 

v, Output voltage of the integrator filter 

Ve Error voltage 

Vref Reference voltage 

VT Peak value of the timming wave 

Xc Compensator capacitive reactance 

x, Compensator inductive reactance 

Xt Compensator transformer impedance 
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INTRODUCTION 

Static Var Compensators are new components which are applied in power systems for 

a variety of functions: to stabilize the system voltage, to increase the transfer capability 

and transient stability margin of long transmission systems, to provide reactive power at 

ac-dc converter stations, to damp power oscillations, etc. 

Present modelling of static var compensators (SVC) in transient stability studies does 

not include phase-locked loop circuits, though they affect significantly upon SVC dynamics. 

The main objective of this thesis was to develop models of such circuits. The developed 

models were validated by comparison with the actual electronic circuits as well as their 

detailed models realized in PSPICE simulation program. Implementation of such models 

will further improve the transient stability programs. 

The thesis is organized as follows: 

Chapter 1 gives a review of the literature of the static var system (SVS), typical 

configurations and control system with a brief description of different components of the 

regulator; more specifically, the phase-locked loop and its role in the synchronizing unit. 

In chapter 2, the principles which governs this feedback loop are outlined as well as 

the linearized model in order to apply linear control theory. 

In chapter 3 a special concern is given to the VCO, where the solution of a second 

order differential equation is derived in order to describe its dynamic behavior. 

The RC .oscillator incorporates an automatic amplitude control circuit to keep under 

control the voltage amplitude under any perturbation and a de voltage to keep in 

synchronism the oscillator. This voltage is the phase difference between the input and 

feedback signals of the phase-locked loop. 

Finally, we switch to filters, whose funtion is to discriminate againts unwanted 

frequencies. Fundamentals steps are given to design a first order active filter as well 

as an introduction of the synchronous filter. 

Chapter 4 provides an overview of the modelling of essential components to be used 

in the computer simulation. i.e. electonic switch, simplified model for the operational 

amplifier and the analog multiplier. 
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Finally, we switch to filters, whose funtion is to discriminate againts unwanted 

frequencies. Fundamentals steps are given to design a first order active filter as well 

as an introduction of the synchronous filter. 

Chapter 4 provides an overview of the modelling of essential components to be used 

in the computer simulation. i.e. electonic switch, simplified model for the operational 

amplifier and the analog multiplier. 

Chapter 5 deals with the phase-locked loop modelling. The PLL is simulated in details 

by means of PSPICE simulation program. Three PLL configurations are considered: 

PLL with PI controller, PLL with PI controller including the first order filter and the PLL 

with PI controller including the synchronous (Fourier) filter. Their dynamic response is 

evaluated for step phase perturbation and step amplitude perurbation of the input voltage. 

The PLL harmonic performance was evaluated using the input voltage including 

the steady-state second harmonic component. In addition, the combination of such 

perturbations signals were also applied. Fourier analysis was used in order to asses the 

harmonic generation of the PLL itself as well as when excited by the second harmonic 

component at its input. 

In Chapter 6, the validation of models developed in the previous chater, is realized in 

electronic components. The step perturbation signals are applied to the PLL circuits as 

done in simulation. 

In Chapter 7, the PLL for stability studies is analytically developed. 

Two PLL models were developed: one-linearized for small signal, the other-nonlinear 

for large signal analysis. The nonlinear PLL reduced model is suitable for transient stability 

studies based on numerical integration, while the linear PLL reduced model is suitable for 

studies based on eigenvalue analysis. 

The thesis concludes with an overall conclusion in Chapter 8. 
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CHAPTER 1 

STATIC VAR COMPENSATORS 

1.1 - Introduction 

The Static Var Compensator can be thought of € f~~djustable shunt 

susceptance. A compensator can be controlled in such a way as to improve the power 

system performance during all four periods as defined in Fig 1.1. to achieve one or more 

of the following objectives: 

- Voltage stabilization for normal network operation 

- Load balancing 

- Power transmission capacity increase 

- Transmission stability improvement 

- Improvement of system damping 

- Subsynchronous resonance damping 

- Reactive compensation of ac-dc converters 

- Reduction of temporary overvoltages 

Polalblt hlgMr~quency 
tr111111nt 

_, 
,.,lUll 
Sttldy. · 
State 

Subtranslent decay ralt 

Subtransl~nl 
Period 

Transl~nt 
Period 

-+2 

0 

----- Tr1ntlllon Ptrlod -----

Fig. 1.1 Characteristic time period in a.c. system 
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1.2 - Structure of the Compensators 

The main types of compensators are the following: 

Thyristor-Controlled Reactor (TCR) Compensators 

Thyristor-Switched Capacitor (TSC) Compensators 

- Saturated-Reactor (SR) Compensators 

- Hybrid (TCR/TSC) Compensators 

1.2.1- Thyristor-Controlled Reactor (TCR) Compensators 

These basically comprise linear reactors in series with high voltage a.c. thyristors. 

The Thyristors are back-to-back( or inverse parallel) connected for bidirectional current 

in each phase and the reactor current is controlled by adjusting in each half-cycle the 

firing angle delay from voltage zero in each phase, from 90° ,full conduction to 180° ,no 

conduction. The controller includes the thyristor firing sinchronizing system, the regulator 

and the meassuring system is shown in Fig. 1.2. 

::::c:::: :::r:: y 

~~r 1 
T T 

Fig. 1.2 Single-line circuit for tbirystor controlled reactor compensator 
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1.2.2 - Thyristor-Switched Capacitor (TSC) Compensators 

Although similar in concept to the TCR, thyristor control of capacitors is only possible 

as an ON/OFF switched action. Continuons firing angle control is not possible with a TSC 

which unlike a TCR produces a large switching inrush current which are minimun if it is 

switched in each half cycle at an instant when the voltage across the thyristor switch is 

minimun. 

The TSC compensator gives essentially a discrete form of control of the reactive power, 

and if used alone requires a number of relatively small capacitor banks each switched by 

directional thyristor similar to the TCR (Fig. 1.3). 

Fig. 1.3 Thyristor switched capacitor 

HV Coap<tnaa~or a,. 

::L:: PT ::::::r:: 

I 
9 
I 

j_ 
T 

Shllft\ 
Capacl\01'& 

Fig. 1.4 Saturated·Reactor 
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1.2.3- Saturated-Reactor (SR) Compensators 

Saturated-reactor compensator consists of a saturated reactor, with a slope correcting 

capacitor, a shunt capacitor and a standard transformer for coupling to HV or EHV 

systems. It is often provided with and on-load tap charger to enable adjustment of the 

operating point according to the system requirements. Slope conection capacitors are 

connected in series with the satured reactor to reduce the internal reactance Xs of the 

whole compensator, including transformer, to a required level. Damped bypass filters are 

always applied across these capacitors to damp oscillations at subsynchronous frequencies, 

as well as inrush current transients of the saturated reactor, in order to eliminate the risk 

of ferrromagnetic resonance. The slope correction capacitor has to be protectred by a 

protective device such as a nonlineal resistor or spark-gap against overvoltages. 

Shunt capacitors, conected in parallel to the slope-corrected saturated reactor, can 

extend the operating characteristic into the leading power factor region. These may be 

designed as filters if the system resonance conditions requires such a measure. 

1.2.4 - Hybrid (TCR/TSC) Compensators 

The basic scheme of a TCR/TSC compensator consists of thyristor switched capacitor 

banks connected in parallel with one or more 6 pulse thyristor controlled reactors units 

of equal rating. In some configurations a fixed or mechanically switched capacitor bank 

is provided as well as a filter capacitor bank, if required, and a step-down transformer, as 

shown in Fig. 1.5. 

........ ~ 

I I 
I e.,.,,.., a.,. J 

hl ....__ ~ 3 

,.. cl 
6 A A 

Fig. 1.5 TSC/TSR static var compensator 
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1.3 - Controller 

It generates firing pulses for the thyristor valves in such a way that the reactive power 

required to meet the control objective at the primary terminal of the compensator is 

obtained. 

The controller comprises the following subsystems: 

The measuring device, which measures relevant system variables such as 

voltage, curent, active power flow, etc 

The control signal processor,which automatically computes the necessary 

firing angle a for the thyristors valves 

- The synchronizer, a device which generates the time reference 

- The firing angle generator, which generates the firing pulses from the a 

signal 

- The pulse generator, which generates the pulses necessary for the primary 

side of the pulse transformer 

Fig. 1.6 shows the block diagram of a controller 'With two closed-loop circuits. A 

voltage error (i.e. the difference between the actual system voltage and a reference voltage) 

is measured and used to cause the susceptance of the compensator to increase or decrease 

until the voltage error is reduced to an acceptable level. 

The ratio of the compensator current to the voltage error determines the slope of 

the voltage/ current characteristic. The speed of response and stability are determined 

by the total loop gain and time constants of the regulating system. The loop gain is a 

function of the system impedance. This means that as the system impedance increases, the 

compensator will have a faster response but, will also have a smaller margin of stability. 

Since the relationship between the conduction angle and compensator current is not linear, 

a linearizing network is required if a better dynamic performance is desired. 
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The current-loop provides the accuracy. This means that the controlled reactive 

current will be proportional to the voltage error, independent of the particular values 

of XL, Xc, XT, the gains of the conduction angle calculators, the linearizing network, and 

the delays of the gating pulse generator. The slope of the V-I characteristic is determined 

by the gain Kt. The current error is zero since K2 is an integrator. 

Vref 

Xa 

+ 

Vol t.e.ge 
r-dbaok 
Proeeaaor 

Syal•• 
Voltage 

Current 
~'"••dback 
Proceaaor 

R•aotor 
Power 

.. 

Fig 1.6 SVC with voltage and current control unit 
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1.3.1 - Synchrqnization Circuit 

A number of methods can be used to obtain the reference signals required by this 

circuit: 

- zero-crossing detectors 

- zero-crossing detector •vith filtering 

phase-locked loop circuit 

The phase-locked loop circuit provides timing signals to the timing circuit which are 

used for reference in generating the firing pulses. The PLL itself is a feedack control system; 

therefore it is essential its response to change in phase angle be fast and stable and that 

it can operate in presence of harmonics in the power frequency voltage. It is equally 

important that this circuit remains stable during the loss of control voltage (i.e. a fault at 

control bus). Let us take a look at the control principle of the cosine wave zero-crossing 

synchronization circuit . In particular, the interface of the timing signal with the firing 

angle and more precisely, how a frequency variation in the network will affect the dynamic 

performance of the compensator, that is, the operating point of the V-I characteristic, 

shown in Fig. 1. 7. 

+ 0 .trT\, ,, 

Fig. 1. 7 V-I characteristic of SVC 
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1.3.1.1 - Zero-Crossing Principle 

Figure 1.8 illustrates the block-diagram of the circuit for thyristor firing a.t the required 

angle a. In each channel, a. cosine time wave, obtained from the PLL, is applied to one 

input terminal of a. comparator; the voltage representing the inverse of the suscepta.nce is 

applied to the other input of the comparator. 

The output voltage of the comparator changes level at the intersection point of the 

cosine timing wave with the reference voltage, and this produces a. corresponding clock 

pulse a.t the output of the associated dock pulse generator. The dock pulse sets the 

associated pulse output fiip-fiop, thereby initiating a firing pulse in this output channel. 

The pulse output fiip-fiop is reset by the clock pulse from the following channel. 

.,, 
"---

l ~ ,_ Cl-lo hiM 
, .. _, __ 

c_...t.- ,,_ Ov\ .... \ , ..... u .. -Ov 

~ 
... o.-... ,_ r-1-- ru....,,.,. rlrl 

. .,. c-l 

!I 2 
la- et .... h1-

Tr_,_ 
c....,...'- ,, .. Ov\ .... \ ...... u .. ,....-- ... .,.._ .... ,_ ........_ ru~rs.,. rlrl 

.,. e-t 

" 
~ , ·- Cl-11 ,.,, .. Tr-·-c_.,.t.- ,., .. Ovt,.., , ..... u .. r---

'""-- r ... c--.tw l "'"""' ... Plrl ~~ 'ill ...... 

••• 0......1 

Fig. 1.8 Zero-crossing PLL-based firing circuit 

By condition each firing pulse is initiated at the point a.t which the the amplitude of 

the associated cosine wave becomes equal to the reference voltage, that is when: 

(1.1) 

where 

is the peak value of the timming wave 
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0 By definition, at this instant, wt is equal to a. Therefore, 

Hence 

1 Yre/ a=cos --
VT 

Fig. 1.9 Waveform of cosine principle 

(1.2) 

(1.3) 

Thus, from Fig. 1.9, the firing angle a depends on the phase difference between the 

two signals applied to the detector of the PLL which means: the larger the phase angle, 

<P the larg~r the firing angle a, and a smaller conduction angle a. Therefore, the reactive 

current of the compensator will also decrease. 
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1.4 - Nonlinear characteristic of the TCR susceptance 

The nonlinear characteristic of the TCR susceptance is the relationship between the 

conduction angle 0' of the thyristor valve and the inductive susceptance of the compensator. 

The intantaneous current i(t), through the reactor of Fig. 1.6 is given by 

where 

i(t) = { 01~ (cos a- coswt) if a< wt <a+ 0' 

ifa+u<wt<a+11' 

V is the rms voltage 

X, is the fundamental-frequency reactance of the reactor 

a is the gating delay angle 

0' is the conduction angle 

0' is related to a by the equation 

Q + (J' /2 . 11' 

The fundamental component is found by Fourier analysis and is given by 

This equation can be written as 

(1.4) 

(1.5) 

(1.6) 

where B L ( u) is an adjustable fundamental-frequency susceptance controlled by the 

conduction angle according to the law, 

(1.7) 

This control law is shown in Fig. 1-10 
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o•180 deQ. n• 90 CleQ. 

t.O,------------~ 

~B•J•l• •-tan.,. ~ 
., V 

If, deQ. 

0o~~~~~~-,oo~,~~~,.o~~,eo~,eo 

Fig. 1.10 Nonlinear characteristic of the TCR susceptance 

The resultant susceptance of the compensator, Fig. 1-6, is given by 

(1.8) 

The expression (1.7) is a nonlinear function of u. In order to linearize this relationship, 

a linearizing function block has to be included in the control system. This function is an 

inverse of f(u), therefore, its general form is u = /-1(B'l). 

Since the equation (1. 7) can not be resolved explicitely for u, on the control system 

this is usually done by means of a lock-up table. 

1.4 - Summary 

We have described the static var compensator, its main configurations and applications 

with an emphasis on the control system. The controller and components were described 

with regard to the closed-loop control and a general idea of how it works. Hence, we learnt 

the PLL plays an important role in the feedback control system of the compensator for 

which reasons it has to be modelled correctly. 
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CHAPTER 2 

GENERAL ANALYSIS OF THE PHASE-LOCKED LOOP 

2.1 - Introduction 

Our application is concerned with a modelling of the PLL phase response to a step

phase perturbation in the power network. Switching of transmission lines, reactors, 

capacitors, transformers and loads in and out, as well as fault incidents give rise to such 

a perturbation. The system voltage will be the input to the phase-locked loop. Thus, the 

fundamental concepts of this circuit will be given in this chapter. 

2.2- Principles of the Phase-Locked Loop (PLL) 

The function of the phase-locked loop system is to track in phase (and frequency) an 

incomming sinusoidal signal. As shown in Fig. 2.1, the PLL is basically an electronic servo 

loop consisting of a phase detector (PD), a low-pass filter (LPF), and a voltage controlled 

oscillator (VCO). 

As the loop tracks the input signal, the PD compares the phase of the input signal 

with the phase output from the VCO. A change in the phase of the circuit signal indicates 

that the incoming frequency is begining to change. 

Pd 

Vi(t. ) 

X 
V 

~ LPf vco 
o( t) 

Vo(l) 

Fig. 2.1 Block diagram of the PLL 
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2.3 - PLL Linear Model 

Although this circuit is nonlinear because of the nonlinearity of the phase detector 

(analog multiplier) and the VCO, it can be accuratly modelled as a linear device when the 

phase difference between the PD inputs is small. 

Using the techniques and philosophy of linear control system theory, the PLL can be 

analized as a conventional feedback loop. 

H linearization is not considered, then the phase-plane method should be applied to 

study the performance of this circuit. Let us assume that 

Vo(t) = IVol cos(wot + 4>o) 

then the output of the PD will be 

(2.1) 

(2.2) 

Ve(t) = IVel{[sin(w,; + wo)t + tPi + 4>o)] + sin[(w,;- wo)t + (4>i- 4>o)]} (2.3) 

where 

1 
!Vel= -I~IIVol 2 

(2.4) 

The component (wi + w0 ) is eliminated by the filter while the component (wi- w0 ) passes 

through the low-pass filter. Hence, 

Vc(t) = IVcl sin[(wi- wo)t + tPi(t) - 4>o(t)] (2.5) 

2.3.1 - Case I 

When the two input frequencies to the phase detector are not synchronized, the loop 

is not locked. 

Equation (2.5) describes the signal voltage which is applied to the VCO to control 

its output frequency. This equation shows that this signal sets at a beat frequency Wi·Wo, 
causing the VCO's frequency to change from wo in proportion to the signal amplitude 

Vc(t) passing through the filter. If the amplitude of Vi(t) is sufficiently large, the oscillator 

output frequency will be shifted from the free running frequency, w~ until locking is 

established,that is, when Wi = w~ + ~w. 
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2.3.2 - Case II 

At synchronism, when Wi becomes equal to w0 the output signal from the LPF becomes 

proportional to the phase shift between synchronized signals: 

(2.6) 

Then, applying linearization with regard to 

(2.7) 

the equation (2.6) reduces to 

(2.8) 

Thus, multiplier as a phase detector can now be represented by its linear equivalent, a 

phase discriminator to the inputs </Ji(t) and <Po(t). 

The VCO is assumed to change in frequency as the control voltage changes, the integral 

being proportional to the change in phase. 

The transfer function relating the phase and voltage is given by 

<Po( s) = Kosc Vc 
s 

where s is the Laplace operator. 

Thus, the linearized loop of the phase-looked loop is illustrated in Fig. 2.2 

10 i ( s } 
Koa<:: . 1/os 

Fig. 2.2 PLL linear model 

Hence, the transfer function becomes: 

</Jo( s) - __ K_M_K.:::....!_K_,"_c _F_( s_) __ 
</Ji(s) - 1 + KMKtKoscF(s)/s 

15 
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c 
0 

0 

2.4- Transient Performance 

The PLL is a nonlinear device over its operating range. The performance of the loop 

depends especially on the type of phase comparator used in the system. An approximate 

analysis of the linearized system provides an insight providing generalized design guidelines. 

Before considering the dynamic performance of the loap~ it is instructive to consider the 

range of input frequencies over which the loop can remain looked. 

Feedback systems whose open-loop transfer function has one pole at the origin are 

known as type I systems. 

The PLL has an open-loop pole at the origen because of its VCO, so the system is at 

least type I. A second pole at the origin is often added to the filter to eliminate steady-state 

velocity error increasing the noise suppression. In this case, the system is the type II. If 

the open-loop system has N poles at the origin it is a type N system. 

First~ consider a type I loop. If the circuit is in lock, small changes in the input 

frequency will cause a change in the phase-detector output voltage in the direction that 

drives the error signal back toward zero. 

The change in frequency will be the forward loop gain times the error voltage, or 

(2.11) 

where 

<Pe is the phase error 

This equation assumes that signals change so slowly that there is no attenuation in 

the low-pass filter. Since 

sin <P e ( t) ~ 1 (2.12) 

and 

(2.13) 

That is, the ma..'Cimum charge in frequency for wich a type I loop can remain locked, 

refered to as the lock range or tracking range, is less than, or equal to, the forward loop 

gain. Lock range refers to how far the input frequency can change without the loop lossing 

synchronism. Capture range refers to how close the input frequency must come to the 

free-running frequency of the VCO before locking-up can occur. 
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When the frequency error is other than zero, the PD output voltage is somewhat 

attenuatted by the low-pass filter before it reaches the VCO. Therefore, the capture range 

is less than the lock range. The actual value depends on the type of low-pass filter used. 

A general expression for loop capture range is not available since the system is highly 

nonlinear. 

For type II loops, Kv could be considered as infinity. The phase detector output is 

integrated until the phase error reduces to zero. The tracking range of type II loops is 

limited by the dynamic range of the voltage-controlled oscillator. The loop capture range 

can not exceed the frequency range of the VCO. 

2.4.1 - Time-Domain Equation 

From the transfer function derived from the PLL linear model, we can obtain the 

algebraic equation in the s-plane describing the transient performance of the loop. Thus 

(2.14) 

Then, applying inverse Laplace transform, we get 

(2.15) 

This is the general time domain equation of the circuit-model which will be analized in 

detail in Chapter 5. From this equation,we can say that the transient performance of the 

PLL will depend on the type of filter, F (s). 

2.5 Sieady-Siaie Error Analysis 

This analysis determines the final error in response to inputs, which can be expressed 

as a time polynomial: 

(2.16) 

It is important to know what the steady-state error will be in response to these inputs. 

This can be readely determined for the linear model already derived. 
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The error signal 4>e(s) ,defined as 4>i(s) - 4>o(s) can be expressed in the following way 

4>i( s) 
4>e(s) = 1 + KvF(s)/s (2.17) 

H the system is stable, the steady-state error for polynomial inputs given by eqn(2.16) can 

be obtained from the final value theorem. 

lim 4>e(t) = lim s4>e(s) 
t-+oo s-+0 

(2.18) 

H 4>i(t) is a step function representing a sudden increase in phase of q,o, 

(2.19} 

Then, applying eqn(2.18) into eqn(2.17) yields to 

lim 4>e(s) = 0 
B-+0 

(2.20) 

F(s) is either a constant or a low-pass filter that may include poles at the origen or a PI 

controller as will be one of our cases. Let us see one case to illustrate this analysis. 

Setting 

F() 
Ki KJ s=-+-......:.....-
s 1 + TJS 

(2.21) 

and applying the final value theorem, we also get a zero steady-state error. In addition, 

the steady-state velocity error becomes also zero. 

2.6 - Summary 

In this chapter a general background of the phase-locked loop has been considered. 

In the decription of this system we began with a nonlinear model and then a linearization 

was performed in order to to apply linear control system analysis. Finally a steady- state 

error analysis in general,is given with two examples as an illustration. 
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0 CHAPTER 3 

VCO AND FILTER DESIGN CONSIDERATIONS 

3.1 - Introduction 

This chapter deals with design aspects of a VCO, low-pass and a synchronous filter, 

as part of the synchronizing unit PLL, and the background necessary for the the digital 

computer simulation, by means the PSPICE program. 

3.2 - RC Oscillator 

For a free running oscillator the following amplitude and phase conditions must be 

simultaneously satisfied: 

3.2.1 - Amplitude Condition 

V 1 V 0 

G23 

V2 

G34 

Fig. 3.1 Typical feedback circuit 

The block diagram of an oscillator is shown in Fig. 3.1. Its transfer functio+ given 
by the following expression 

(3.1) 

In order for free oscillations to occur, its open-loop gain must assume -1 at its frequency 

of oscillation . The oscillators are designed to operate at one frequency only. Therefore, 

the denominator 1 + G2aGa4 will have a pair of zero on the imaginary axis, s1,2 = ±jw, 
where w is the oscillating frequency. 

The magnitude of the oscillating output is determined by the initial conditions of the 

oscillator. 
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0 From here, we deduce the first condition for oscillation: the absolute value of the 

open-loop gain should be: 

(3.2} 

at the oscillation frequency wo, which is called the amplitude condition. 

3.2.2- Phase Condition 

Let 

a be the phase of G2a(jw) 
and 

{3 be the phase of feedback Ga4 (jw) 
at the frequency of oscillations. 

Then, we can establish the second condition for oscillation, which is given at 

a+{3=1r (3.3) 

which is called the phase condition . In terms of the Bode diagram we can say that the 

phase margin must be zero while the magnitude must be equal to zero dB (at the frequency 

of oscillations). 

... 

• 

Fig. 3.2 Bode diagram for oscillating conditions 
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0 3.3 - Sinewave Generation 

0 

Let us consider the 2nd order differential equation 

d
2
Uo(t) + 26w dUo(t) + w2 U. (t) = 0 dt2 n dt n 0 

Applying Laplace transform, we get 

assuming the zero initial conditions. Hence, the eigenvalues are 

81,2 =-OWn± Jwn Vl- 02 

81,2 =a± jw 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

where: 6 is the damping ratio; Wn is the natural frequency; a is the damping constant; w 

is the frequency. 

Fig.3.3 Locus of roots with 6 

The eigenvalues as function of the damping ratio are 

0 < 0 < lt--t 81,2 =-OWn± Jwnv'l- 02 

0 = 0 t--t 81,2 = ±Jwn 

-1 < 6 < 0 t--t 81,2 6wn Jwn v'o2 - 1 

6 < -1~---t 81,2 =Own± Wn v'o2 - 1 

21 
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("' ...., 

3.3.1 - Solution for Uo(t) 

H the eigenvalues are complex, the solution is given by the following expression: 

U(t) = e-sw,.tK1(coszt + jsinzt) + K2(coszt- jsinzt) (3.14) 

where 

H 

then 
U0 (t) = e-Sw,.t(K sin~cos xt + K cos~sinzt) 

Therefore, U0 (t) becomes as follows 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

Once we have got the solution of the 2nd order differential equation for the oscillatory 

case, the next step will be to obtain the analog implementation of this equation in order to 

simulate an oscillator. Rigth after this, we will study a technique to control the amplitude 

and frequency of oscillation of U0 (t). 
H the equation (3.5) is integrated twice: 

(3.20) 

This equation can be simulated using two integrators and an inverting amplifier as is 
shown in Fig. 3.4. 

For this circuit, the damping and the natural frequency are: 

1 
(3.21) Wn. =RC 

6=-1 
2K 

(3.22) 
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R c R c 

U2 

Fig. 3.4 Analog circuit to solve Uo(t) 

ForK= 0 an undamped oscillation will occur. For 0 < K < 1, the oscillations are 

damped. For -1 < K < 0 the oscillation amplify. Thus in order to keep the amplitude 

constant, one must apply automatic amplitude control. 

3.3.2 - Automatic Amplitude Control 

The automatic amplitude control method is the one which the output amplitude is 

sensed and used to control the loop damping. In the case of an undamped oscillation, 

Uo(t) = IUol sinwnt (3.23) 

and 

{3.24) 

The amplitude can now be determined at any instant by solving the following 
expression: 

UJ + u{ = IU;I(sin2 wnt +cos2 wnt) 

us+u: = 1us1 

23 

(3.25) 

(3.26) 



It is obvious that the expression 3.26 depends only on the amplitude of the output 

signal and not on its angle wt. One obtains, therefore, a pure d.c. voltage which needs no 

filtering and which can be directly compared with the reference voltage. 

A supplementary control based on this principle is shown in Fig. 3.5. 

V2=1Uol co:s wt 

-U2 

2 
luo I R VECTOR SUM R 

Vt=IUol :sin wt 
2 2 

(V 1 ) ;. ( V2) 
V26 

R 
116 

2 
-V t"ef. 

Fig. 3.5 Amplitude control circuit 

The vector sum is implemented by the following circuit 

Fig. 3.6 Vector sum circuit 
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c 

The voltages Uo(t) and U1 (t) are applied to the input of a circuit (as in Fig. 3.6) which 

produce the voltage IU51 at the output. The P controller compares this voltage with the 

reference u;ef and adjusts its output voltage v23 so that 

(3.27) 

Therefore 

(3.28) 

The voltage 

(3.29) 

appears at the output of the multiplier Ma to control the amplitude. H the amplitude is 

greater than the reference, 

(3.30) 

the oscillations decrease. H the amplitude is less than the reference, V23 becomes positive 

and the oscillations increase. 

The case when the eigenvalues are located at the left-hand side of the imaginary axis 

is shown in Fig. 3. 7. The oscillator case, when the poles are located on the imaginary axis 

is shown in Fig. 3.8. 

The diagram corresponding to the VCO with the amplitude control circuit is 

illustrated in Fig. 3.9. 
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0 

V( 18) 
R C V(10) R C V( 14) R V( HS) R 

. i U1 i U2 . i Uo 

+ + + 
RMULT6 

V( 26) 

H 6 

R R 

V(21) 

R V( 24) R 

-V re£. R 
V(23) 

V( 27) 

Fig. 3.8 Two-phase harmonic oscillator with the circuit for voltage amplitude control 

for precise amplitude control 
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3.4 - Analog Filter 

The function of the filter is to eliminate the unwanted frequency (fl + 12) as well as 

any other noise signal without affecting the phase signal, which enables locking. 

The first type of filter to be considered is a low-pass analog filter whose time constant 

has a direct influence on the capture frequency, le· 

3.4.1 - Properties 

An analog Butterworth low-pass filter characteristic is given by Fig. 3-9. It represents 

a smoth transition between the passband and stopband with monotonically decreasing 

gain. The filter should, in general, meet the following criteria: 

where 

- At w = O,V n, IFn(Jw)l2 = 1 
- Monotonically decreasing 

- As n -+ oo its characteristic approaches ideal LPF 

- Ideally flat at origin 

- Roll-off -20logl ~c I 

n 

n. n. 

. n ( rOdiOflS/~econd) 

Fig 3.9 Low-pass characteristic 

is the cutt-off frequency at IFn(iw) 12 = 0.707 

is the stop band critical frequency at the end of passband freq. 

indicates the filter order 
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Ei(a) Ri 

~ 
!o( •l 

c 
Fig. 3.10.1 Low-pa.ss filter 

For the filter given in Fig. 3.10.1, we can obtain the folowing transfer function, F(s) 

then 

where 

I,(s) + IJ(s) + Ic(s) = 0 

E,(s) + Eo(s) + sCEo(s) = 0 
Hi RJ 

Eo(s) _ F 
8 

_ _ KJ 
E,(s) - ( ) - R1Cs + 1 

K 1 : de gain of the filter 

Settings= jw, we get the transfer function in the frequency domain 

F("' ) - -KJ 
· JW - 1 + jR

1
cw 

Hence 

30 
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(3.34) 
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The filter order can be estimated as follows 

Let 

1Fn{Jw)l2 = 1 + (O~Oc)2n 
be the normalized filter transfer function. 

Given specifications 

and constraints 

01 ,02 : critical frequencies 

K ~,K2 : gains 

0 50 5 0170 ~ 20logiFn(Jw)! ~Kt 

0 > 02,20logiFn(JO))I5 K2 

Then, to satisfy both constraints 

lOlog [1 + [O:/Oc]2n l =Kt 

!Olog [ 1 + [O:/Oc]2n l = K2 

Solving for Ot/Oc and 02/0c, we get 

[
0 ]2n o: = 10-K2/1o _ 1 

Dividing eqn (3.42) by eqn (3.41), yields to 

Therefore 

[
01]2n = lo-KI/10- 1 
0 2 10-K2/lO _ 1 

n = log1o [(1o-Ktfto- 1)/(lo-K2/to- 1)] 

2logto(OI/02) 
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Fig. 3.11 Frequency response of the Butterworth filter 

Fig. 3.11 shows the frequency response of the Butterworth filter for n stages. 

We can see that the greater is number n of sections, the flater is the frequency response 

of the filter. 
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Q 3.5 - Synchronous (Fourier) Filter 

c 

The circuit illustrated in Fig. 3.12, filters out all harmonics. Its basic architecture is 

formed of the following three elements: 

- Integrator switch, Swl 

- Fourier integrator, Swa 

- Sample and hold circuit, Sw2 

The integrator switch, Swb determines the period of time at which the input signal 

is to be integrated. 

The second component, integrates the input voltage as given 

1 1to+T 1 1t0 +T 
V(T) = Vo + C iindt =RC Vindt 

io to 
(3.45) 

We see that in the absence of the switch, Sw3 , the integrated voltage will become 

increasingly pronounced as time increases. To prevent this from happening it is therefore 

desirable to reset the circuit periodically by turning ON Swa to discharge the capacitor. 

When Swa is OFF again, the integration process will start all over again. 

The purpose of the sample-and-hold circuitSw2 is to hold the signal during the 

integration process. The most common hold circuit, is the zero-order hold. 

Let 

V (t) = Vo + f: V~e sin [k 27r t- 4>~c] 
k=l T 

(3.46) 

and 

{3.4 7) 

the input signals to the PLL multiplier. 

Then, the error voltage is given by 

(3.48) 
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Fig. 3.12 Synchronous filter 
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This signal is to pass through the integrator filter. Thus 

1 1to+T 
VJ(to + T) = T Ve(t)dt 

to 
(3.49) 

Hence 

(3.50) 

Due to the regulator loop 

VJ(to + T) = 0 (3.51) 

and 

sin(</>1 - 0) = 0 ~--+ </>1 = 0 (3.52) 

The performance of the whole circuit is illustrated in Fig. 3.13. The upper part 

describes the sampled-input signal, V(107); the integrated voltage, V(109); and the data

hold voltage, V(llO). The lower part, which is related to the second branch of Fig. 3.12, 

describes the same operation as before but with a time delay of e- 'f. In this case, the 

sampled-input, the integrated and the data-hold signals are represented by V(l15), V(ll7) 

and V(UO) respectively. 

3.5.1 - Digital Control of the Filter 

The filter is digitally controlled by the pulses applied to switches 1 to 6, shown in 

Fig. 3.14. Thus, 

Pulses V(108,107) and V(116,115) control input voltages of the upper 

and lower branch respectively. 

Pulses V(ll1,110) and V(119,0) control the data-hold circuit and 

Pulses V{l14,113) and V(l22,120) control the operation of reset switches 3 and 

6 respectively. 
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3.5.2 - Block Diagram of the Filter 

Let ft(t) be a periodic signal applied to the first integrator of the filter (Fig. 3.13) 

which repeats itself with the period T starting at t=O. Then, such a function can be 

represented as a sum of aperiodic functions delayed by T, 2T, 3T, ... , nT, 

ft(t) = /o(t) + lo(t- T) + fo(t + -2T) + · · · + lo(t- nT) + · · · (3.53) 

Let 

L[fo(t)] = Fo(s) 

and 

L(ft(t)] = Ft(s) 

Using the time-shift property, we get 

(3.54) 

By factoring, the equation becomes 

Ft(s) = Fo(s)[l + e.-•T + e.-2•T + ... + e-n.•T + .. ·] (3.55) 

The infinite series appearing in this equation may be identified by the following expanssion 

from the geometric series, 

(3.56) 

such that F1 (s) becomes 

F (s) = Fo(s) 
1 1- e.-•T (3.57) 

As the second branch of the filter is delayed by e. -;T, the input applied to the second 

integrator of the filter is given by 

(3.58) 
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The block diagram is shown in Fig 3.15. It includes the reset and the zero-order hold 

circuits. 

3.6 - Summary 

e,,,, --1-. 

et< a) --1 - • 

, ............. 1 c:lock.l. ! ........... ~ 
: 1 ~·t~~ f.....:!u f .......... , ................................................. , 

t~·-~--.... ~~-·· ...... ·---~···· ..... ····· ......................... ; 

: ........ ! C:lod<2 f .... ..l 

Fig. 3.15 Block diagram of the synchronous filter 

The phase-locked loop , introduced in the previous chapter, was considered as a 

feedback control system. The VCO was analyzed to some details with a focus on design 

considerations, begining with the oscillation condition, followed by the solution of the 

oscillator differential equation, an automatic amplitude control, to get finally, to the voltage 

controlled oscillator. 

A special attention is given to the Butterworth filter, the first-order active filter as 

well as the synchronous (Fourier) filter as important component for a reliable phase-locked 

loop operation if harmonic distortion is present in the input signal. 
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0 CHAPTER 4 

MODELLING OF ELECTRONIC COMPONENTS 

4.1 - Introduction 

The computer simulation was carried out using PSPICE. In order to implement the 

analog circuits simulation we needed to model electronic components like the switch, 

multiplier and the operational amplifier which, either they were available or they had 

to be simplified to save ram memory and run time. Since the simulation was run on the 

computers operating at 4. 77 Mhz. 

4.2 - Modelling of an Analog Switch 

s D 

I 
r. 

n-ehaiU\el JP'ET 

Fig. 4.1 Symbol of n-JFET transistor 

Modelling of an analog switch is performed by means of a standard model of the 

n-channel JFET which has a low resistance in the cut-off region d~':,s and a very high 

dynamic resistance in the saturation region. 

Fig. 4.1 shows the symbol of this n-channel transistor. The n-channel was chosen 

because it has lower ON-resistance than a p-channel of similar channel dimensions (n

channel has a higher carrier mobility). 

4.2.1 - JFET ON-resistance 

Fig. 4.2 illustrates the differents operating regions of the JFET transistor. In 

switching applications, ON-OFF transition occurs in the unsaturated or triode region, 

which is located to the left of the pinch-off voltage locus. 
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In the saturated region the current is given by 

( )

2 
Yes 

ID= IDss 1- Vp (4.1) 

which is essentially independent of V DS and the device has a very high dynamic resistance. 

J-rotos · "'' .YGJ 

ano .. ., ... , ... oF• : /: •eovr .,NC,..o, 
10SS VG$' 0 

vos-

Fig. 4.2 Characteristic curve of the JFET 

In the OFF-state, VD is large but ID becomes small(~ 0); Therefore, rDs tend to be 

infinite. In the ON-state, rDs is very small since VD is very small and ID is very large. 

This is valid whichever V cs is. Fig. 4.3 illustrates the equivalent circuit for both states. 

v. V a 

Vd_fl_ 

l 

Fig.4.3 Equivalent circuits in the ON-state and OFF-state 

41 



where 

Rcla is the drain-source resistance 

C9• is the gate-source capacitance 

C gd is gate-drain capacitance 

RL is the load resistance 

4.2.2 - Driver Circuit 

Fig. 4.4 shows the simplified form of a driver circuit. The switch in the gate circuit 

was implemented with the PULSE function available in the program . 

R 

Fig. 4.4 Analog switch 

4.2.3- Operation of the Driver Switch 

.U.lo!l 
S"~tnaT 
O~"tpu\ 

At the moment the gate switch closes, the gate voltage of T1 assumes the negative rail 

voltage. The switch T1 turns OFF, since the analog signal voltage is always higher than 

the negative supply rail for the Vas (OFF) value, i.e. 

(4.2) 

where VA is the peak (value) negative excursion of the analog signal, v- is the negative 

supply voltage, V a (OFF) is the pinch-off voltage of the JFET. 

When the diode D is reverse biased the gate voltage of T1 is the same as the source 

voltage. Hence, the analog switch is ON. 

4.2.4 - Performance of the JFET Switch 

Its performance is ilustrated in Fig. 4.5 : the upper waveform represents the input 

signal; the middle waveform shows the gate voltage while at the bottom, the output voltage. 
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MODEL OF A JFET SWITCH 
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4.3 - Operational Amplifier 

Basically, two types of operational amplifiers were used in the simulation. The first 

model, the J.'A741, included in the Library, has about 24 components and the second one 

is a simplified version which shortens, considerably, the running time and save the ram 

memory. 

- Simplified model 

where 

V& 

By definition 

I& 

a is the fraction of the source voltage applied to the input 

{3 is a fraction of the load voltage applied to the input 

a and {3 are dimenssionless 

Il Io I (load) 

~ + - Zo 
Zi 

Vl V 

(4.3) 

r 
av, r 

r .. (load) r 
Z (load) 

Fig. 4.6 Operational Amplifier 

{4.4) 

Hence, we can derive an equivalent circuit 

(4.5) 
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Substituting eqn (4.3) in eqn (4.4), we get 

that is 

where 

where 

and 

Zo 
Zor = 1- {JAv 

Avr is the gain of the amplifier 

Zor is the output feedback impedance 

These equations yield to the circuit of Fig. 4.7 

Io 

"""" Zor 

··I J ..... ~ V 

Zir 

I (load) 

~ 
I load l ~ ~ 

Z (load) 

Fig. 4. 'l Equivalent circuit of the operational amplifier 
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(4.9) 



c The input impedance is, by definition 

but 

then 

V. z.- J. 
1r- Ig 

V. 
Zir = J.z;. vi 

substituting V9 , from eqn(4.3), in eqn(4.11) yields to 

but 

and 

therefore 
z. = [1- f3Av + {3 Zolo]z· 

•r V. ' a a i 

then, replacing 

into eqn(4.16), we get 

Z· _ [1- f3Av f3Av Zo ] Z· 
•r- + Z + Z ' a a o L 

where ZL is the total load impedance and 

1 
Yor=

Zor 
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(4.10) 

(4.11) 

(4.12) 

(4.13) 

(4.14} 

(4.15) 

(4.16) 

(4.17) 

(4.18) 



c To complete our model, another important characteristic should be included: the 

finite "slew-rate" limitation ASt. It expresses the speed with which the output of the 

operational amplifier can respond to a sudden change imposed upon the input. 

To simulate the characteristic, we propose the nonlinear circuits building block shown 

in Fig. 4.8 

fl'\l c ... -V 
'!IM;·· I 

I 
I 
I 

Fig. 4.8 Simple nonlinear circuit building block 

for simulating slew-rate limitation. 

... 

since the output current of the controlled source can not not exceed Im, we have 

l
dvc(t) I= .!_li I< lm =AS 

dt cc-c t 
(4.19) 

Because Im and C are fixed, they set a maximun value on the derivative. Therefore, 

a capacitor, C, must be connected to the circuit to take into account the slew-rate 

characteristic of the op-amp. 

The macro model to be used in the simulation is shown in Fig. 4.9. 

Io I (load) 

.... 

) c ~ Avr 
V (load} r "Z'Or Vg ) :::r: 

Zir Yor Co Z. ( load) 

,... 

Fig. 4.9 Macro model of the op-amp 
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4.4 - Multiplier 

+ 5 -15 

X2o----r 
Tio----1... V out. 

Fig. 4.10 Analog multiplier 

Fig. 4.10 shows the symbol of the analog multiplier, element widely used in the 

program. Its implementation is obtained through a polynomial function given by 

+ Kn.+l Vx V1 + Kn.+2 Vx V2 + Kn.+N V1 Vn.+ 

+ K2n.+t V2 V2 + K2n.+l V2 Va + ... 
(4.20) 

considering only the terms in vl v2' and setting 

we get 

1 
Kn.+2 = - = 0.1 

10 
(4.21) 

(4.22) 

which is the linear equation of the multiplier to be implemented in PSPICE using the 

POLY function, that is, 

EP LL 50 0 POLY(2) 72 0 10 0 0 0 0 0 0.1 (4.23) 

4.5 - Summary 

In this chapter new models have been developed to be applied to phase-locked 

loop simulation: a JFET switch, a simplified version of the operational amplifier and 

a multiplier. 
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CHAPTER 5 

PHASE-LOCKED LOOP SIMULATION 

5.1- Introduction 

In our study we are, mainly, concerned with the transient behaviour of the phase

locked loop. Therefore, steps will be given to accomplish the goals in this domain. 

The analysis will be done for differents types of configurations. The modelling 

will include, the PLL with an analog or synchronous filter and PI controller for phase 

perturbation, amplitude perturbation, 2nd harmonic and a combination of them. 

We shall also consider the the harmonic generation of PLL circuits without and with 

a harmonic excitation. 

5.2- Performance under Normal Operation 

5.2.1 -· Analog Filter 

The test of the PLL under no perturbation was carried out using the circuit illustrated 

in Fig. 5.1.1. An analog filter is inserted between the PLL multiplier and the VCO. This 

model include an integrator where time constant is twice the one of the analog filter. A 

detailed configuration is shown in Fig. 5.1.2. 

l 
Vl(a) 

+ tta 
+ 

K.2G..... 
a 

Vo( a) .KL 
11 

Fig. 5.1.1 Block diagram PLL with analog B.lter 
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5.2.2 - Frequency of Oscillation 

In this section we will obtain an expression for the frequency of oscillation of the VCO, 

partially shown in Fig. 5.1.3. Thus, 

.. ,. 

Vo(t) = _ Jt Vol(t)Vc(t) dt _ Jt Vo1(t) dt 
-eo K rC -eo RC 

(5.1) 

v; ( ) = Jt Vo(t)Vc(t) d Jt Vo(t) d 
Ol t KC t + RC t 

-eo r -eo 
(5.2) 

Applying the Laplace transform, these equations are transformed into the following 
algebraic equations l(k 1) 1 Vo(8) = -- - +- Vol(s) + -V0 (8) 

8 T1 T2 8 
(5.3) 

l(k 1 ) 1 Voi(8) =- - + -Vo(s) + -Vol(s) 
8 Tt T2 8 

(5.4) 
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where 

r2 =RC 

k= Vc 
K 

(5.5) 

(5.6) 

(5.7) 

Solving equations (5.3) and (5.4), for V0 and V01 while assuming the initial value V0 (0) = 0, 

we obtain the following expressions 

(5.8) 

and 

w 
Vol (s) = 2 2 Vo(O) 

s +w 
(5.9) 

where 

(5.10) 

The inverse Laplace transform functions are 

V0 (t) = V0 (0) coswt (5.11) 

Vol (t) = Vo(O) sinwt (5.12) 

When Vc(t) = 0, then k = 0, and w = ~, giving the following frequency to the 

oscillator 

1 1 
fo= ---

2w RC 

which is the s<rcalled the central frequency of the oscillator. 
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5.3 - Transient Performance 

In this section, the waveforms corresponding to differents points of the circuit of 

Fig. 5.1.2 will be, briefly, analized. 

As we saw in the previous chapter, for sinusoidal input, V(72), and feedback, V(10), 

the output of the PLL multiplier, V(50), is also a. sinusoidal but of double frequency. This 

is illustrated in Fig. 5.2. 

As we want stable amplitudes of V(18), V(14) and V(lO), the voltages V(18) and 

V(lO), are squared, added and compared to the reference voltage Vref = -10 V. Its output 

V(23) is multiplied by V(18) generating V(26) (negative of V(23) not shown in Fig. 5.3) 

which controls the voltage amplitude through the second integrator. In mathematical 

terms, 

where 

KM is the gain of the multiplier,that is, 

1 
KM= -=0.1 

10 

(5.14) 

(5.15) 

At t=O thepower is applied to the PLL circuit, and a short delay after, the transient 

desa.ppears. As illustrated in Fig. 5.4, it takes about 2 1/2 cycles. In this figure, V(52), 

V(57) and V(54) correspond to the output of the filter, integrator and frequency-control 

voltage of the oscillator respectively. The frequency-control voltage keeps the oscillator 
frequency locked to the frequency of the incoming signal from the network, V(72). 

The synchronization of the PLL to the incoming network signal occurs very quickly 

as illustrated in Fig. 5.5. The output signal from the oscillator are either V(10), V(14) or 
V(18) as shown in Fig. 5.6. 
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5.4- Phase Perturbation 

In this section we will analize the performance of the PLL under a phase perturbation. 

A phase perturbation is represented by a step phase in the input voltage, that is, 

where 

Vi(t) =V sin (wt + t/>(t)) 

t/>(t) = t/>o(t) + ~t/>(t) 

~t/>(t) ~ ~t/>(s) = K~ 
8 

K~ is the amplitude of the phase-step perturbataion 

(5.16) 

(5.17) 

(5.18) 

The perturbation can occur at different instants and the system settling-down time 

depends on the time it ocurred. 

Let us take for example, the following case 

~4> = { ~ at t < t, 
4 at t ~ t, 

Then, multiplying and adding the input signal by the step phase function 

sin (wt + t/>0 ) cos ~4> +cos (wt + t/>o) sin ~4> = v,(t) 

we get 

sinwtcos ~4> + coswtsin ~4> = vi(t) 

Let the perturbation time tp be: 

For T = ISms, one obtains 

7 
tp= -T 

16 

tp = 7.875ms 
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0 

Plots in Fig. 5.7 shows the phase perturbation, Ac;b(t); Fig. 5.8, the terms 

corresponding sin wtcosc;b and cos wtsin wt, while Fig. 5.9 shows the perturbation 

Vi(t) =sin (wt + c;bo + Ac;b(t)) (5.23) 

where 

vi(t) = -V(80) = V(12) 

and 

V(50) is the output of the PLL multiplier 

The waveform illustrated in Fig 5.9, shows the case when the voltage jumps from 

v(t) =sin (wt) to v(t) =sin (wt + c;b). 

The simulation of this perturbation is realized using the trigonometric identity 

sin ( wt + c;b) = sin wt cos c;b + cos wt sin c;b (5.24) 

and the circuit which implements this in is shown in Fig. 5.10. 

-· I 

• 

-... ~--------------~ 
_ ... 
----------------~ 

-· I 

I 

Fig. 5.10 Phase perturbation circuit 
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5.5 - Phase Perturbation applied to PLL with Analog Filter 

The first test, under a phase perturbation was carried out for a PLL with analog 

filter and an integrator in parallel in order to eliminate the steady-state error (Fig. 5.1). 

Fig. 5.13 shows the waveforms corresponding to the circuit given in Fig. 5.11. We can 

observe that the control voltage V{54) settles down in about 4 1/2 cycles while the signal 

V(10) is getting synchronized to the incoming signal V(72) from the network. 

Phaa• V(SO) V(18) 
P•rlurba.t.ion 1----llf 
Circuit. 

Fig. 5.11 PLL with analog filter 

5.6 - Phase Perturbation applied to PLL without Filter 

301 30l 

30[ liDl 

Using this configuration we have verified that the synchronism takes place, about a 

cycle later than the PLL with analog filter. The waveforms corresponding to this test are 

shown in Figs. 5.14. 
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5.7'- PLL with Synchronous Filter 

Simulation results presented in this section correspond to PLL with synchonous filter 

(described in the previous chapter). The block diagram for this PLL circuit is shown in 

Fig. 5.15. 

Yl t) 

PU. 
IM.TIPI.IU 

Fig. 5.15 Block diagram of PLL with synchronous B.lter 

The output voltage of the PI controller V(54), shown in Fig. 5.16, is filtered out with 

a synchronous filter before it is applied to control the frequency of the voltage controlled 

oscillator. The waveform of the control voltage V(10) is illustrated in Fig. 5.17. The upper 

side of the figure shows us the output of the isolator amplifier connected between V(54) 

and the input of the filter. In this case, V(54) settles down quite later than in the case 

when an analog filter is applied. This is caused by the time delay of the synchronous filter. 

In order to see the time required to get the two signals in synchronism more clearly, 

a plot was made of V(72) and V(lO). In this plot, given in Fig. 5.18, we see that these 

signals lock-in aproximately in 10 cycles. Later on we will analize the behaviour of this 

circuit under phase perturbation. 

In the upper part of this figure is shown that voltages V(14) and V(10) are phase

shifted 180° before and after synchronism. 
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5.'1.1- PLL with Synchronous Filter exposed to Phase Perturbation 

In order to explain the performance of the PLL in this particular case, we will refer 

to Fig. 5.19. In this case the step-wise perturbation in the phase of the voltage is applied. 

In this case the phase of the relevant voltage settles down after about 10 cycles (plots at 

the botton). 

The waveform of the control voltage V(UO) of the VCO is also shown in this figure. 

It could be seen this voltage leads V(lO) to get in phase with the input voltage V(72). In 

. the upper traces, voltages V(65) and V(72) are plotted. Both are the network signals, the 

first one is being the signal with no perturbation. In the middle, the controller output 

voltage V(950), with its second harmonic signal is shown. 

5.8 - Effect of the Second Harmonic on the PLL Operation 

Second harmonic is often present in the power network due to transformer inrush 

currents, static converters,static compensators, etc. 

The PLL must responds very quickly to every change of the system voltage phase in 

order to provide an appropiate valve firing to an AC-DC converter or a SVC system. 

5.8.1 - PLL with an Analog Filter: Phase Perturbation and Second Harmonic 

The circuit diagram illustrated in Fig. 5.20 is applied in order to produce the specified 

perturbations. V(65) is passed through the amplifier Al (with the gain Ka = 0.25) to give 

the signal V(67). After squaring this signal transforms into V(69). After filtering its de 

component the second harmonic is obtained with an attenuation of 0.4 p.u. 

Fig. 5.21 shows a combined perturbation which consists of a step-wise perturbation 

of the system voltage phase and the second harmonic . The plot at the bottom illustrates 
the incoming signal to the PLL. 

The upper trace , shows the controller signaJs V{52), V(57), V(54) and V(50) and 

the VCO signal V{lO). By inspection, we see that the signaJs V(lO) and V(72) settle in 

about five cycles. The effect of the 2nd harmonic can be observed in Fig. 5.24. The upper 

traces show V(lO) as compared to V(65) (a non-perturbated signal). The signaJs V(14) 

and V(lB), are shown at the bottom traces performing as expected. 
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6.9 - PLL with a Synchronous Filter: Phase Perturbation . 

and Second Harmonic 

The probe is placed at the point V(500) to observe the steady-state error and its 

shapewave. The upper side of Fig. 5.22 shows the output of the PI controller. The error 

is reaches its steady-state value after 12 cycles. 

Evidently, there is a trade-off between the response time and the gain of the PI 

controller, since greater the controller gain is, longer is the system settling time. In order 

to control the overshoot the PI parameters can not be less than 0.1 and 1.0 for Kp and 

Ki, respectively, if we want to get the two main signals in synchronism, V(10) and V(72), 
in the shortest run. The effect is shown at the bottom of the Fig. 5.23. 

In terms of the frequency domain, we also have to consider, the compromise between 

the overshoot and the phase-margin. In other words, as long as we decrease the overshoot, 

we approach to instability. Therefore, a carefully design approach has to be taken in order 

to meet these stability criterion. 

6.10 - PLL with Synchronous Filter and Second Harmonic 

Two points seem important to emphazise: firstly, the performance of the synchronous 

filter is tied-up to the presence of the harmonic. It is highly probably that the magnitude 

of this component will also have an incidence on the performance, which means, the 

larger the amplitude, the smaller the amplitude of the filter, V(llO). In fact, this can 

be verified comparing PLL with synchronous filter to PLL with synchronous filter and 

second harmonic. Secondly, as a consequence of the filter response we will have a 1 cycle 

delay in getting the signal in synchronism as it can be seen in Fig. 5.24 at the bottom. In 

this case the lock-in is reached at about 7 cycles. 

6.11- Voltage Amplitude Perturbation with/without Second Harmonic 

In weak power systems with a low short-circuit MV A level involving with long 

transmission lines, the voltage is significantly affected by load variations as well as by 

switching of system components such as transmission lines, reactors, capacitors and 

transformers. H there is a deficiency of reactive power suport the voltage at that point 

falls. 
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PHASE-LOCKED LOOP WITH SYNCHR. FILTER + 2nd HARM. & PI 
Date/Time run: 2/20/89 22: 37: 03 Fig. 5.24 Temperature: 27.0 
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The PLL unit has to be able to respond quickly (for control purposes} regardless of 

the network voltage variatio~. 

5.11.1 - Voltage Amplitude Perturbation: PLL with Analog Filter 

The perturbation circuit configuration is shown in Fig. 5.20 where the second 

harmonic perturbation is also included. 

The perturbation is applied at tp = 10 ms, arbitrarily chosen, time at which the 

magnitude jumps from 5 V to 10 V and stays at that value. The control pulse of the 

switch and the input voltage to the PLL multiplier is illustrated in Fig. 5.25 where the 

transient is clearly shown. In the next figure, we can see the switch voltage V(115) which 

is added the network signal. V(72) and V(50) are the input and output signal of the PLL 

multiplier respectively. The second harmonic phase with respect to the network voltage 

phase is as given in the figure. 

V(72) and V(10) settle in about 3 cycles after perturbation as shown in Fig. 5.25. It 

is easy to see from the figure that V(54) settles at about 50 ms. 
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AMPLITUDE PERTURBATION WITH ANALOG FILTER 
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AMPLITUDE PERTURBATION ON A PLL WITH SYNCH. FILTER & PI CONTROLLER 
Date/Time run: 2/21/89 5: 40: 17 Fig. 5.26 Temperature: 27.0 
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AMPLITUDE PERTURBATION ON A PLL WITH SYNCH. FILTER & PI CONTROLLER 
Date/Time run: 2/21/89 5: 40: 17 Fig. 5.27 Temperature: 27.0 
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5.11.2 - Voltage Amplitude Perturbation with Second 

Harmonic: PLL with Analog Filter 

Waveforms corresponding to the voltage amplitude perturbation with second harmonic 

are shown in Fig. 5.28 and its circuit diagram in Fig.5.19. The upper traces shown V(70) 

and V(80). The bottom trace, V(72), shows the perturbation signal. 

The second harmonic produces a very significant phase displacement between the PLL 

multiplier output V(50) and the input V(72). If we compare this case (see Fig. 5.29) with 

the previous case when PLL is exposed to the Amplitude Perturbation only, we can see 

that the amplitude perturbation plays small roll as compared to the effect due to the 

second harmonic in the transient performance. The phase error between V(10) and V(72) 

can be clearly observed as the effect of the second harmonic perturbation at the bottom 

trace of Fig. 5.29. 

The settling of the control voltage and therefore, the VCO output voltage V(10) is 

also illustrated, over a longer time period, in Fig. 5.30. The settling is achieved in about 

8 cycles which is longer than in the previous case (3 cycles). 

5.11.3 - Voltage Amplitude Perturbation: PLL with Synchronous Filter 

The performance of the controller is shown in Fig. 5.31, by means of signals V(51), 

V(52), V(57) and V(500). The controller output V(54) settles in about 12 cycles. The PI 

gain was adjusted to Kp = 0.1 , K1 = 0.01. 

The settling of this PLL circuit takes longer than in the case of PLL whith analog 
filter. Fig. 5.32 illustrates the PLL input voltage as compared to the VCO output voltage, 

V(10). The VCO control voltage is also given. 
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5.12 - PLL Harmonic Generation 

5.12.1- Harmonic Analysis 

A harmonic analysis will be carried out in order to examen the deviation from the 

ideal sinusoids waveforms of the VCO outputs value since they are applied for valve firing 

of the static va.r compensator. For this, we will use the total harmonic distortion THD 

factor, as defined by the following expression 

(5.25) 

where U1 is the fundamental component of the signal and U,.,, n = 2, 3, ···m are the 

harmonic components. 

5.12.2- Fourier Series 

The Fourier series of a periodic function f( t) is given by the following expression 

22rnt • 22rnt 
00 [ ( ) ( )] f(t) = ao +~a,., cos T +b,.,stn T (5.26) 

where 

ao is the average value of the function f( t) 

a,.,, b,., are the rectangular components of the nth harmonic 

The corresponding nth. harmonic component vector is given as 

(5.27) 
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Its magnitude is 

(5.28) 

while its phase angle is 

(5.29) 

The coefficients of the Fourier series are given by 

1 ~~ ao = T _: /(t) dt ,... (5.30) 

2 /f (27rnt) an = T =.r. /(t) cos T dt 
2 

(5.31) 

2 /f . (27rnt) bn = T _,. /(t)stn T dt 
2 

(5.32) 

In our analysis, n takes values from 1 to 9 as it is shown by chart 1 and subsequents 

charts. 

95 



~ ... 
0 

~ 
0.. 

~ 

~ 
::1 

~ 

CHART No. 5.1 
PLL WITHOUT FILTER 

Tables No. 5.1 to 5.6 give the total harmonic distortion of the VCO outputs voltages 

V(18), V(14) and V(lO), while charts No.5.1 to 5.6 give the harmonic voltage components 

of the same outputs signals. 

All the calculations were made for the PLL in steady state. 

Table No. 5.1- PLL without filter 
THD - Total Harmonic Distortion 

Signal THD [%] 
V(18) 2.292894 
V(l4) 2.292927 
V(lO) 2.433317 

FOURIER COMPONENTS 
11 

Of V(1a). PlL without f11ter 

10.11 
10 

I 

e 

7 

fJ 

5 

4 

3 

2 

HARMONIC NO. 
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FOURIER COMPONENTS 
Of V(10), PU. without filter 

c 11 
10.11 

10 

9 

·~ 8 

laJ 
7 0 

5 
8 CL 

~ 

b 5 

z 
0 4 
::'1 

~ 3 

2 

0.2065 0.0002835 0.1252 
0 

1 2 3 4 5 e 7 8 9 

HARMONIC NO. 

FOURIER COMPONENTS 
11 

Of V( 1 4 ), PL1. without filter 

10.11 
10 

• 
~ 8 

laJ 
7 0 

5 
8 CL 

~ 

i 5 

~ 4 

i 3 

2 

0.03208 0.02238 0.03031 0.04188 0.02348 0.1904 0.01724 0.1113 
0 , 2 3 4 5 • 7 8 9 

HARMONIC NO. 
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0 CHART No. 5.2 

PLL WITH ANALOG FILTER 

Table No. 5.2 - PLL with Analog Filter 
THD - Total Harmonic Distortion 

Signal THD [%] 
V(18) 2.247115 
V(14) 2.246886 
V(lO) 2.428959 

FOURIER COMPONENTS 
OF V( 18), PLL with Analog Filter 

11 
10.24 

10 

9 

~ 8 

1&.1 
Q 7 

5 
8 Q. 

~ 
in 5 
0 z 
0 4 
:1 

~ 3 

2 

HARMONIC NO. 

0 
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FOURIER COMPONENTS 
9.87 OF V{10), PLL with Analoc.J F'Dter 

c 10 

9 

8 

~ 7 
1.1.1 
0 

5 8 

11. 

i 5 
in 
Q 

4 z 
0 
::1 

i 3 

2 

HMMONIC NO. 

FOURIER COMPONENTS 
11 

OF V(14), PLL with Analoc.J F'Dter 

10.24 

10 

~ 

~ 8 

1.1.1 
7 0 

~ 
8 11. 

i 
b 5 

z 
0 4 ::1 

i J 

2 

2 3 4 5 IS 7 e I 

HMMONIC NO. 
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c CHART No. 5.3 
PLL WITH SYNCHRONOUS FILTER 

Table No. 5.3- PLL with Synchronous Filter 
THD - Total Harmonic Distortion 

Signal THD [%] 
V(18) 2.447119 
V(14) 2.447381 
V(10) 2.301698 
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FOURIER COMPONENTS 
Of V(10), PU.. with ~ Filt• 

c 11 10.42 

10 

' 
~ 8 

1&1 
7 Q 

5 e 0.. 

~ 

I s 

i 4 

I 3 

2 

HARMONIC NO. 

FOURIER COMPONENTS 
Of 11(14), PU.. with ~ Flit.- ' 

11 10.44 

10 

" 
~ 8 

1.&1 
7 Q 

5 
G 0.. 

~ 
in s 
Q 
z 
0 4 :1 

I 3 

2 

0.1558 0.1488 0.02868 0.02973 0.07171 0.06107 o.ono1 0.0501 
0 

1 2 3 4 5 • 7 8 9 

HARMONIC NO. 
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5.13 - Second Harmonic Effect on the PLL Circuit 

Our interest in testing the effect of the second harmonic on the phase-locked loop, is 

due to the fact that this component can distort the VCO outputs. 

In power systems the second harmonic voltages are generated by various system 

components. Transformers when energized generates a flux-density which can reach peak 

level in between 2 to 3 p.u .. For a normally designed transformer, this can create peak 

flux densities of about 3.4 or 4. 7T respectively. When this is compared to the saturation 

flux density levels of around 1.8-2.0 it can be seen that transformer core will be driven to 

extreme saturation levels and will thus draw excesive exitation current of up to 5-20 p.u. 

on the rating (as compared to the normal magnetizing of a less than 1 percent) . This is 

the so-called Inrush Current. The second harmonic of this current is very significant as its 

evolution with time is shown in Fig. 5.33. 

J!E;:J 
~:~:J 
~~rES:;;;;:::::::J 
g~rt=:~::::::::~:] 
0.6 p.u. Vo, 120Hz . 

o~[~:::::::::J 
0 0.2 0.4 0.6 0.8 t.O 

Time (s} 

Fig. 5.33 Variation of Inrush current with time 
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c CHART No.5.4 
PLL WITHOUT FILTER: SECOND HARM. EXCITATION 

Table No. 5.4- PLL without filter: 
Second harmonic excitation 

THD - Total Harmonic Distortion 
Signal THD [%] 
V(18) 2.492781 
V(l4) 2.492955 
V(lO) 2.709775 

FOURIER COMPONENTS 
11 

Of V( 18),PLL without F11ter: Sec.Honn. 

10.12 
10 

8 

2: 8 

11.1 
7 0 

5 
8 Q. 

I 

~ 
5 

0 4 
~ 

! 3 

2 

0.1108 0.03842 0.04951 0.04759 0.03977 0.1724 0.03833 0.1121 
0 

1 2 J 4 5 8 7 8 9 

HARMONIC NO. 

c 
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FOURIER COMPONENTS 

c Of V(14),PLL without Filter: Sec.Hann. 
11 

10 

9 

~ 8 

"' 7 0 

5 
8 ll. 

~ 

~ 5 

z 
0 4 
~ 

~ J 

2 

0.2403 0.20JJ 0.177 0.157 
0 

2 3 4 5 8 7 8 8 

HARMONIC NO. 

FOURIER COMPONENTS 
Of V(10),PLL without Filter: Sec.Hann. 

11 
10.1 

10 

8 

~ 8 

"' 7 0 s 
8 ll. 

~ 
(n 5 
~ z 
0 4 
~ 

~ J 

2 

0.2345 0.2028 0.1787 

2 3 4 8 7 9 c HARMONIC NO. 
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c CHART No.5.5 

PLL WITH ANALOG FILTER: SECOND HARMONIC EXCITATION 

Table # 5.5 - PLL with Analog Filter: 
Second harmonic excitation 

THD - Total Harmonic Distortion 
Signal THDT%1 
V(18) 3.464653 
V(14) 3.464679 
V(lO) 3.778089 

FOURIER COMPONENTS 
OF V(18),PLL with Anai.Filt: Sec.Harm. 

11 
10.17 

10 

9 

~ 8 

1&.1 
0 7 

5 
IS D. 

~ 
ill 5 
0 z 
0 4 
~ 

~ 3 

2 

0.04188 0.1881 0.1088 
0 

2 3 4 5 IS 7 8 8 

HARMONIC NO. 
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FOURIER COMPONENTS 
9.939 OF V(10),PLL with Anoi.Fllt Sec.Horm. 

c 10 

9 

8 

~ 7 .., 
0 s CS 

Q. 

~ 5 
ltl u z 4 
0 
~ 

~ 3 

2 

0.01105 0.01946 0.02176 0.1976 0.006075 0.1227 
0 

1 2 3 4 5 8 7 8 9 

HARMONIC NO. 

FOURIER COMPONENTS 
11 

Of' V(14), PlL with Anoi.Fllt:Sec.Horm. 

10.17 
10 

I 

~ 8 

.., 
7 0 

5 
6 Q. 

~ 

~ 
5 

0 4 
~ 

I 3 

2 

0.03554 0.04164 0.1891 0.02206 0.1088 
0 

1 2 3 4 5 8 7 8 8 

c HARMONIC NO. 
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0 CHART No. 5.6 
PLL WITH SYNCHRONOUS FILTER: SECOND HARM. EXCITATION 

!Table # 5.6 - PLL with Synchronous Filter: 
• Second harmonic excitaton 

THD - Total Harmonic Distortion 
Signal THD (%] 
V(18) 3.422397 

I 

V(14} 3.422410 
V(10) 3.412361 

FOURIER COMPONENTS 
11 

Of \J(18),PU. wiUI ~ s.c.Horm. 

10.44 

10 

g 

~ 8 

Ill 
7 0 

5 
8 0.. 

~ 

~ 5 

z 
0 4 ::I 

~ 3 

2 

0.08707 0.04822 
0 

1 2 J 4 s 8 7 8 I 

HARMONIC NO. 

c 
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FOURIER COMPONENTS 

0 11 
Of V(14).Pl.L witll Sync.f'llt: S.C.Holm. 

10.44 

10 

9 

~ 8 

lal 
7 Q 

5 e 0. 

I 
in 5 
0 z 
0 4 
:::i 

~ 3 

2 

0.3068 0.1328 0.03879 0.02282 0.0671 0.04823 0.07137 0.0 
0 

1 2 3 4 5 B 7 8 9 

HARMONIC NO. 

FOURIER COMPONENTS 
11 

Of V( 1 O),Pl.L with Sync.f'llt: s.c.Horm. 

10.43 

10 

9 

~ 
8 

IU 
7 0 s a 0. 

I 
in 5 
0 

~ 4 
:::i 

~ 3 

2 

0.03509 0.02968 0.05671 0.0483 0.04272 0.0243 
0 

1 2 3 4 5 I 7 IS 9 

c HARMONIC NO. 
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From charts and tables No. 5.1 to 5.6 the following conclusions can be drawn: 

In general, the phase-locked loop without filter has a better performance (from the 

total harmonic distortion point of view) than the PLL with an analog and synchronous 

filter. 

The total harmonic distortion is somewhat greater than 2% in the cases of the phase

locked loop without second harmonic excitation. 

The total harmonic distortion is less affected in the case of the PLL without filter (it 

remains arround 2%)than the the two other cases. 

The effect of the second harmonic excitation on the VCO output voltages is 

significantly increased in the of the PLL with analog and synchronous filter. 

5.14 - Summary 

This chapter has dealt with the phase-locked loop modelling. The PLL was simulated 

in details by means of PSPICE simulation program. Three PLL configurations were 

considered: PLL with PI controller, PLL with PI controller including the first order filter 

and the PLL with PI controller including the synchronous (Fourier) filter. Their dynamic 

response is evaluated for step phase perturbation and step amplitude perurbation of the 

input voltage. 

The PLL harmonic performance was evaluated using the input voltage including 

the steady-state second harmonic component. In addition, the combination of such 

perturbations signals were also applied. Fourier analysis was used in order to asses the 

harmonic generation of the PLL itself as well as when excited by the second harmonic 

component at its input. 
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CHAPTER6 

EXPERIMENTAL ANALYSIS OF THE 

PHASE-LOCKED LOOP 

6.1 - Introduction 

In the previous chapter, we modelled a number of the phase-locked loop configurations. 

In most of these simulations we used simplified models for some types of electronic 

components as it was the case of the operational amplifiers (model p.A 742, p.A 743 and 

p.A 744) and the multiplier. 

In this chapter we are going to present test results of different PLL configurations 

realized in the laboratory. The prime objective of such tests is to validate our PSPICE 

models since their validity is an important factor to model development by simulation. 

6.2 - PLL Steady-State Operation 

In steady-state operation there is not any perturbation. Neither second harmonic 

exitation is present in the input signal. 

We should recall also that the circuit implemented in the experiment corresponds 

fully to the one used in the simulation, with regard to its configuration as well as to its 

parameters. 
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Fig. 6.1 Characteristic PLL signals 

The waveforms concerning the PLL multiplier are shown in Fig. 6.1, where we can see 

the input signal from the network, the PLL multiplier output (on the top) and the feedback 

signal from the voltage contolled oscillator (VCO). They behave exactly according to what 

is to be expected: (1) the VCO output is in synchronism with the network voltage , (2) 

the multiplier output consists of a second harmonic component only, (3) the VCO output 

has a negligible harmonic distortion. 

I 
I 
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6.3 - VCO Voltage Amplitude Control 

Figures 6.2 and 6.3 show the waveforms correponding to the voltage amplitude control 

circuit. The first one illustrates the square of sin wt and cos wt and the second one shows 

the voltage reference, the squared voltage derived as a sum of the two signals shown above 

and the error signal as a result of the comparison. 

Fig. 6.2 Squared VCO voltages 

Fig. 6.3 Rectified VCO voltages 
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6.4 - Performance of the PI Controller 

An excessive increase of the controller gain Kp or a decrease of the integration constant 

K 1 , can lead to an unstable operation (see Fig.6.5). 

Fig. 6.4 Unstable operation of the VCO 

Fig. 6.5 Vin and Vosc phase error 
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An optimal P controller with its gain Kp, gives a rapid settling, as shown in Fig. 6.5 

but the phase error remains non-zero. An optimal PI controller gives a fast settling with 

a steady-state phase error equal to zero. The values of K1 and Kp are taken according to 

those determined in the simulation. 

Fig. 6.6 Vin and Vosc in phase 

Fig. 6.6 illustrates the network and the feedback signals in synchronism and in phase 

(overlaped traces) . The second harmonic shown in the picture corresponds to the output 

of the PLL multiplier . 
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6.5- PLL with an Analog Filter: Second Harmonic Excitation 

This test was carried out taking into account the excitation by the second harmonic 

component in the network voltage signal. The procedure was the same as the one performed 

in the simulation. The harmonic was added to the fundamental component. A distorsioned 

signal is then applied to the input of the phase-locked loop as it can be seen in Fig. 6. 7. 

Fig. 6. 7 Network and VCO signals of the PLL with analog filter 

In this oscillogram, four waveforms can be distinguished: the second harmonic, the 

distorsioned input signal, the fundamental component of the input signal and the VCO 

output voltage. 

The analog filter behaves very well since a little distorsion is present in the VCO 

output . 
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6.6 - PLL without Filter 

In this case a PI controller without filter is considered. The effect on the VCO voltage 

is shown in oscillogram of Fig. 6.8. 

The second harmonic effect becomes significant in this case as compared to the 

previous case when the filter is apllied without the PI controller. 

Fig. 6.8 Network and VCO signals of the PLL 

with PI controller without the filter 

This distortion could affect the performance of the power circuit of the static var 

compensator since it shifts the voltage zero-crossing, and hence the thyristors firing. In 

Fig. 6.9, the phase displacement produced by this distortion, is more clearly distinguished . 
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Fig. 6.9 PLL with PI controller exposed to the second harmonic excitation 

In this test, we have also verified the approximate linear relation between VCO control 

voltage and VCO output frequency. The lock range was also found to be 10 Hz arround 

the nominal frequency of 60Hz . 
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6. '1 - Phase Perturbation 

The circuit diagram, shown in Fig 6.10, utilized to perform the phase perturbation 

test is somewhat different, from the one implemented in PSPICE. The difference is with 

respect to some functions of the circuit. 

In the particular v(t) = lVI coswt has been realized by the circuit included in Fig. 6.10. 

From Fig. 6.10, we deduce the following transfer functions for both stages 

R2 1 
Wt(s) = --R RC 

11 + 2 s 
(6.1) 

and 

(6.2) 

For s = jw and R12C11 = R22C21~ 1 +Et, R12/ Ru = R22/ R21 ~ 1- t2, the total 

gain becomes 

(6.3) 

while the phase-lag is given by 

I 

The resistance R 11 tunes the value of the resistance R 11 to yield the total gain equal 
I 

to 1, while the resistance R 12 tunes the resistance R 12 to yield the total phasor lag equal 

to ~. Thus, the total transfer function is given by 

(6.5) 
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6. 7.1 - Phase Perturbation of the PLL with an Analog Filter 

A step phase-perturbation is applied to the phase-locked loop. Such a perturbation 

is shown in Fig. 6.11 . The bottom trace shows the VCO control voltage. 

Fig.6.11 Step phase-perturbation / PLL with analog filter 

The transient performance of this PLL configuration can be observed in Fig. 6.12 We 

see that the PLL settles very quickly in about 4 cycles after the disturbance. 

A remarkable agreement of these tests with those performed by PSPICE simulation 

has been found. 

The waveforms illustrated in figures 6.12 and 6.13 correspond to the PLL output {the 

top trace) and the network and VCO signals(overlaped traces). These oscillograms show 

the period of time before, during and after the phase perturbation. 
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Fig. 6.12 Characteristic PLL waveforms before and after perturbation 

Fig. 6.13 Characteristic PLL waveforms before and after perturbation, another view 

• 
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6.7.2 - Phase Perturbation of the PLL without Filter 

The oscillogram of Fig. 6.14 shows that the PLL settles down in about 6 cycles. In 

comparison with the previos case, a two cycles longer settling time is due to the smaller 

gain Kv, for this PI controller. In other words, the larger Kv, the greater the close-loop 

bandwidth is, and thus the faster the loop response. Therefore to increase the response 

speed and to reduce the tracking error, the loop gain should be as large as the acceptable 

overshoot would permit. 

Fig. 6.14 Phase perturbation without filter 

The two top traces of Fig. 6.14 show : coswt cos</> and sinwt sin</>, respectifully. The 

bottom trace shows the perturbated network voltage and VCO output response . 
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Fig. 6.15 Response waveforms of the PLL without Filter 

The oscillogram of Fig. 6.15 (top trace) shows that the VCO control voltage has a 

second harmonic in addition to its DC component . In the previous case, the analog filter 

eliminates this second harmonic component. The middle trace shows the PLL multiplier 

output while the bottom overlaped traces show the voltage signal from the network and 

the VCO output voltage. 

6.8 - Synchronous . Filter 

The computer simulation of the synchronous (Fourier) filter is represented by a discrete 

version implemented in the laboratory. The circuit configuration based on the two-interval 

• integration is illustrated in Fig. 6.16 and in Fig 6.17 respectively. 
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The discrete version of the filter worked according to our expectation . 

The circuit complexity (number of components) increases with the number of 

integration intervals if implemented in analog technology. However, if digital technology is 

applied, the filter with a great number of integration intervals (approximating a continous 

integration within the period) could be realized relatively easily. 

The circuit realization based on integrated circuits is shown in Fig. 6.18. 

Control pulses 1, 2 and 3 as refered to in Fig. 6.18 are shown in oscillogram of Fig. 6.19. 

Control pulses 4, 5 and 6 are the same as the first three, except that they are shifted in 

for 90 electrical degrees as shown in Fig. 6.20. The figure shows the control pulses 1 and 

6 as well as the corresponding input signals being switched. 

Fig. 6.19 Control pulses 1, 2 ,3 for the two-interval integration filter 
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Fig. 6.20 Control pulses 1 and 4 with the corresponding input signals being switched 

Fig. 6.21 Integrator input, output and control signals 

The synchronous filter operation is illustrated by the oscillogram given in Fig. 6.21, 

where the input and output control voltage of one of the two integrators is given. The 

middle trace shows the output of the controlled integrator to be held by the hold circuit 

when the switch 2 and 5 are on. 

129 



' 

I 

6.8.1 - Phase-Perturbation of the PLL with Synchronous Filter 

The parameters of the synchronous filter and the PI controller are chosen as those 

applied in simulation. 

Fig. 6.22 gives the PLL response waveforms to a phase-step perturbation; the 

perturbated network voltage, the VCO output voltage as well as the synchronous filter 

output. 

Fig. 6.22 PLL response waveforms to a step-phase perturbation 

The settling of the VCO output is reached in about 7 cycles, four cycles faster than 

found by simulations and 2.5 slower than found in the PLL with analog filter. 

Though the filter performs very well, for removing the harmonic frequencies, it does 

not remove other frequencies. Its time delay can be too long where an improved response 

is necessary in applications to fast reacting static compensator. 
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6.9- Amplitude Perturbation of the PLL with an Analog Filter 

The circuit of Fig. 6.10 was also implemented to perform the amplitude perturbation 

test. Controller and filter parameters are the same as in simulation. 

Fig. 6.23 Amplitude perturbation-analog filter 

In response to a step amplitude perturbation, the VCO outputs settles in about 3 

cycles (see Fig. 6.23) as compared to 3.5 cycles found by simulation. The difference is due 

to approximations assumed in simulation . 
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6.10 - PLL Amplitude Perturbation with Second Harmonic Excitation 

6.10.1 - PLL with an Analog Filter 

The second harmonic amplitude used in this test is about 50% of the fundamental 

voltage amplitude. Such a value was chosen to demonstrate more clearly the effect of 

this component on the phase-locked loop. The input signal is described by the following 

express10n 

v·(t) = { Vsin(wt + <P) + -tsin 2wt at t < r 
' ~ sin(w t + tfJ) t -t sin 2w t at t ~ r 

(6.6) 

before and after the perturbation respectively. The PLL responses are illustrated in 

Fig. 6.24 . The upper traces give, the fundamental and second harmonic components 

while the bottom traces give the VCO and network signals. 

The settling time remains the same as in the previous case but a phase-shift is present 

between these two signals. The greater the second harmonic amplitude, the greater the 

phase shift. 

Fig. 6.24 Amplitude perturbation with the second harmonic excitation 

of a PLL with analog filter: Characteristic waveforms 
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6.10.2 - PLL without Filter 

In this test, a PI controller has been applied without the filter. The results obtained 

were similar to those found in the previous case. However, the influence of the second 

harmonic is greater than before. This effect can be seen in Fig. 6.25. 

Fig. 6.25 Amplitude perturbation with the second harmonic excitation 

of a PLL without filter: Characteristic waveforms 

6.10.3 - PLL with Synchronous Filter 

In Fig. 6.26 we can see that the settling is reached in about 10 cycles as obtained by 

simulation. 

The figure gives the second harmonic excitation (top trace), the perturbated input 

{second trace) and the VCO output {third trace). 

The synchronous filter, under an amplitude perturbation and second harmonic 

excitation behaves very well since the second harmonic is completely filtered. The 

fundamental network component and VCO output signal are given in Fig. 6.27, the upper 

traces. The lower traces give the distorted network voltage and the VCO control voltage . 
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Fig. 6.26 Amplitude perturbation with the second harmonic excitation 

of a PLL with synchronous filter: Characteristic waveforms 
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6.11 - Summary 

In this chapter we have performed tests with different PLL configurations as realized 

in simulation. The comparative analyses of the step responses of our PSPICEmodels and 

the PLL electronic circuits give a full evidence for the PSPICEmodel validation. 
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'T .5 - PLL Linear Model for Stability Studies 

Based on the previous analysis, we could build the linearized PLL model in the s -

domain as given in the following figure 

G ila l 9o( a) 

+ Kd K; + .l2...!L. ,.,., 1 +e a ..... ~ • 
- ..... 

_Lj_ .. 

Fig. 7.6 Block diagram of the linearized PLL 

(7.32) 

or 

W(s) _ Kt~.KfK0W8 + Kt~.K0K;w 
-,.,.,a+ s2 + Kt~.KfK0ws + Kt~.K;Kow (7.33) 

where 'fJ = Tc and K1 = Kc + K;Tc 
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'1.6 - PLL Transient Response to Step Phase-Perturbation 

In general, a control system driven by an input signal can be described by the following 

differential equation 

In our case, when W(s) is given by the equation (7.33), we obtain 

where 

bo =0 

bl = 0 

b, = KdKoKcw 
1'f 

b 
KdKoKi 

a= w 

ao = 1 
1 

al =-
1'f 

1'f',;..: 

KdKfKow 
a2 = 

1'f 
KdKiKow 

aa = 

Introducing new state and input variables 

z1 = 4>o 

dz1 dl/>o 
Z2 = dt = & 

dz2 
zs =- -b2u1 

dt 
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The equation (7 .35) transforms into the following set of differential equations of the 

first order 

(7.39) 

(7.40) 

(7.41) 

The matrix form of this set of equations is as follows 

d (x1) ( 0 
dt X2 = 0 

xa -aa 
(7 .42) 

The solution of this equation gives the PLL response to the input phase perturbation. 

The response of the PLL circuit simulated by PSPICE (as implemented by electronic 

components) to a step phase perturbation was recorded using the pase discrimination 

circuit as shown in Fig. 7.8. 

The phase discrimination circuit gives the phase diference between the sinusoidal input 

signal and the PLL sinusoidal output. 

Referrin~ to Fig (7.7), the following signals are formed 

V(80) = IVI(sinwt cos <,6 +cos wt sin <,6) = jVI[sin(wt + <,6)] (7.43) 

V(90) = IVI(cos wt cos <,6- sin wt sin<,&) = IVI!cos(wt + <,6) (7.44) 

V(91) = jVI[cos(wt + <,6) cos(wt + <,6 + 8)] (7.45) 

V(98) = IVI[sin(wt + <,6) sin(wt + <,6 + 0)] (7.46) 

Hence 

V(92) = V(91) + V(98) (7.47) 

V(92) = IVI{cosa[cosacos<foo- sinasin<foo] + sina[sinacos<,60 + cosasin<Po} (7.48) 

V(92) = lVI cos (<,6;.- <,60 ) (7.49) 

where 

a= wt + <,6;. (7.50) 
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c Similarly 

Hence 

V(94) = IVI[sin(wt + </>,;) coswt + </>o)] 

V(95) = -IVI[cos(wt +<Pi) sin(wt + </>i + </>o)J 

(7.51) 

(7.52) 

V(93) = V(94) + V(95) (7.53) 

V(93) = lVI{ sina[cos acos</>i- sin a cos </>,;J-Isin acos<f>• +cos a sin</>,;] cos a} (7.54) 

V (93) = IV I sin ( </>i - </>o) (7 .55) 

Further on 

V(201) = V(82) + V(92) 

V(201) = -lVI sin</>,; cos(</>,;- <Po) 

V(202) = V(78)V(93) = -IVIcos</>,;sin(</>o- </>i) 

Adding these two signals 

V(205) = V{201) + V(202) = lVI sin</>o 

For a small angle, we can approximate 

sin</>o = <Po 

Therefore 

V(205) = IVI<Po 

This response signal to a step phase perturbation is displayed in Fig. 7.8. 
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7.8- Summary 

The PLL linearized model for stability studies was derived on the basis of an analysis 

of its components. Thus, the phase detector is represented by an adder, the regulator 

by a low-pass analog or synchronous (Fourier) filter with a PI controller and the voltage 

controller oscillator by an integrator. In this model, the sin t/> function is approximated by 

tf> (the first term of the Taylor series). 

In order to validate the PLL linearization, the step phase-perturbation was also applied 

to the nonlinear model and its response obtained by means of a discrimination circuit which 

gives the phase difference between the sinusoidal input signal and the PLL sinusoiadl 

output. 

By comparison, step phase-perturbation response of the PLL linear model is similar 

to the one obtained for the nonlinear model which demonstrates the validity of the PLL 

model for transient stability studies. 
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CHAPTER 8 

CONCLUSION 

Phase-locked loop are very often applied to as synchronization circuits in controllers of 

static var compensators and (AC-DC converters). Although the phase-locked loop affects 

the dynamic performance of such controllers, they are seldom included in the models. 

The objective of this thesis was to develop and validate the phase-locked loop models 

suitable for implementation in transient stability programs of power systems. 

First, the static var compensators, their configuartions, operation principles, 

controllers and synchronization circuits were considered in order to deduce the 

synchronization requirements for the phase-locked loop circuits. 

In order to establish the basis for the development of PLL models, the realization of 

the voltage controlled oscillator (VCO) and two types of filters were considered in details 

as they are essential PLL components. 

In order to determine its dynamic performance, the phase-locked loop has been 

simulated in details by means of PSPICE simulation program. Three PLL configurations 

were studied: PLL with the PI controller, PLL with the PI controller including the 

first order filter and the PLL with the PI controller including the synchronous (Fourier) 

filter. Their dynamic responses were evaluated for step perturbations of the following 

signals: the phase of the input voltage and the amplitude of the input voltage. The PLL 

harmonic performance was evaluated using the input voltage including the steady-state 

second harmonic component. In addition, the combination of such perturbations signals 

were also applied. Fourier analysis was used in order to asses the harmonic generation of 

the PLL itself as well as when excited by the second harmonic component at its input. 

In order to validate such a detailed simulation, the PLL circuits were realized in 

electronic components. The step perturbation signals were applied to these circuits as 

done in previous simulation. 
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0 The close agreement of the responses of the actual phase-locked loop with those 

obtained by detailed simulation fully validated the previous PSPICE simulation. Minor 

differences found were due to simplification of some PLL component models. 

The PLL model for transient stability studies were analitically developed. The 

modelling of the voltage controlled oscillator and the phase detector required special 

attention since the sinusoidal system voltages and currents are represented in complex 

numbers. Two PLL models were developed: one-linearized for small signal, the other

nonlinear for large signal analysis. The nonlinear PLL reduced model is suitable for 

transient stability studies based on numerical integration, while the linear PLL reduced 

model is suitable for studies based on eigenvalue analysis. 

The dynamics of the PLL reduced models was evaluated by PSPICE simulation. 

The step response to the phase perturbation of these PLL models were obtained and 

compared to those obtained by previous detailed modelling. The close agreement of the 

two step responses demonstrates fully the validity of the developed PLL reduced models. 

The· development of such a models represents an original contribution to phase-locked loop 

modelling in transient stability studies of power systems. 

Based on this development, one could easily derive similar models for other types 

of phase-locked loop used for synchronization in static var controllers (and AC-DC 

converters). 

The development procedure of this thesis demonstrates that the PSPICE simulation 

program could be used for development of reduced models of other analog circuits and 

control systems to be used in transient stability programs of power systems. 
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W.ANALOG 
WDEVICES 

FEATURES 
Pretrimmed To ±1.0% (AD532K) 
No External Components Required 
Guaranteed ±1.0% max 4.Quadrant 

Error (AD532K) 
Diff Inputs For (X

1 
-X

2 
)(Y 

1 
-Y 

2 
)/10 

Transfer Function 
Monolithic Construction, low Cost 

APPLICATIONS 
Multiplication, Division, Squaring, 

Square Rooting 
Algebraic Computation 
Power Measurements 
Instrumentation Applications 

PRODUCT DESCRIPTION 
The ADS 32 is the first pretrimmed single chip monolithic 
multiplier/divider. lt guarantees a maximum multiplying 
error of ±1.0% and a ±10V output voltage without the need 
for any external trimming resistors or output op amp. Because 
the ADS 32 is internaUy trimmed, its simplicity of use provides 
design enginccn with an attractive alternative to modular 
multiplien, and its monolithic construction provides 
significant advantages in size, reliability and economy. Further, 
the ADS32 can be used as a direct replacement for other IC 
multipliers that require external trim networks (such as the 
ADS30). 

FLEXIBIUTY OF OPERATION 
The ADS32 multiplies in four quadrants with a transfer 
fu.nction of (X

1 
-X

2 
)(Y 

1 
-Y 

2 
)/10, divides in two quadrants 

wtth a 10Z/(X
1 
-X

2
) transfer function, and ~e roots in 

one quadrant with a transfer function of± y'10Z. In addition 
to these basic functions, the differential X and Y inputs 
provide significant operating flexibility both for algebraic 
computation and transducer instrumentation applications. 
Transfer functions, such as XY /10, (X2 -Y1 )/10, ±X2 t10, 
and 10~/(X1 -X2 ) arc easily attained, and arc extremely 
useful m many modulation and function generation 
applications, as weU as in trigonometric calculations for 
airborne navigation and guidance applications, where the 
monolithic construction and small size of the ADS32 offer 
considerable system advantages. In addition, the high CMRR 
(75dB) of the differential inputs makes the ADS32 especially 
well qualified for instrumentation applications, as it can 
provide an output signal that is the product of two transducer· 
generated input signals . 

Internally Trimmed 
Integrated Circuit Multiplier 

GUARANTEED PERFORMANCE OVER TEMPERATURE 
The ADS 32J and ADS32K ue specified for maximum multi
plying errors of ±2% and ±1 ')(,of full scak, respectively at 
+2S°C, and arc rated for operation from 0 to +70°C. The 
ADS 325 has a maximum multiplying error of± 1% of fuU 
scale at +2S°C; it is also 100% tested to guarantee a maximum 
error of ±4% at the extended operating temperature limits of 
-SS°C and +125°C. All devices arc available in either the 
hermctically-sealed T0-100 metal can or T0-116 cerunic DIP 
packages. 

ADVANTAGES OF ON-mE<HIP TRIMMING 
OF mE MONOLJmiC ADS32 
1. True ratiometric trim for improved power supply 

2. 

3. 

4. 

5. 
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rejection. 
Reduced power requirements since no networks 
across supplies arc required. 
More reliable since standard monolithic assembly 
techniques can be used rather than more complex 
hybrid approaches. 
High impedance X and Y inputs with negligible 
circuit loading. 
Differential X and Y inputs for noise rejection and 
additional computational flexibility. 
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SPECIFICATIONS (typicalt +25° C with Vs"' t15V de, V os grounded, unless otherwise specified) 

AISOLilfE MAX RATINGS 
Supply Volup 
lntcmal Power Oissipatiol\ 
lnp•n Volt.,c1 

X. v. v,.. z 

CONDITIONS 

Ratcd Opcntinl Temp Ran,. 
S&or.,c T rmp Ranac 
IAad Tcmprnrure 60 S..c Solderint 

_g..cpvt S~_Circvi~--- !o ~~.!'~ 
MULTIPLIER SPECIFICATIONS 

Transfer Fvncrion 
Tow Enor (' F.S.l 

Nonlintaril)' 
X lnpvt 
V Input 

Fccdthro111h 
X Input 

V Input 

Vx • 0/!JOV, Vy • 0/!IOV 
TA • min to mu 
TA • mill to mu 

Vx • 20V(p-p), Vy • ct!OV 
Vy • 20V(p-pl, Vx • 1IOV 

Vx • 20V(p-p), Vy • 0, 
f• SOHz 

Vy • 20V(p-p), Vx • 0, 
f • SOHt 

_....!!:..!"~~t\lre TA ~miatomax 
DIVIDER SPECIFICATIONS 

Tniufer Fvnction 
Tocal Error2 v,. • -IOV, V1 • UOV 

____ v!- ~ -:_I_~·.V.z: u~v 
SQUARER SPECIFICATIONS 

TnnsfCT Function 
Total Enor --... - .. -~ .. - . ...._... . - -. 

SQUARE ROOTER SPECIFICATIONS 
Transfer Fun.:tion 
Total Enor1 

INPilf SPECIFICATIONS 
Input ReJiJtan« 

X, V lnpvl$ 
Z Input 

lnpvt liu C•nmt 
X, Y lnpuiS 
Z Input 
X. V lnpous 
Z lnpvt 

lnpvt Offsn CllrTrnt 
X. V lnp..a 

V1 • 0/+IOV 

TA • min ro mu 
TA • min to mu 

lnpllt Yoltacc Diff/CM TA • min to max 
X, V, Z Inputs For Rued Ace~~ruy 

~~XorVIn~tsl_ Xory~-~~V-. 
DYNAMIC SPECIFICATIONS 

Small Sifnal, Unity Cain 
Fvll Power Bandwidth 
Skw Race 
Small Sicnal Amplirudt Enor 
Small SiJnall' Vcccor Error o.s• phuc ahift 
ktdint Time ! IOV Stt>p 

ADU2J 

UIV 
soo.nw 

tv5 
Oto •70"C 
-os•c to •no•c 
·soo·c 
lndtfinitc 

<X, -x, ><VI-v, )IIO 
t2.0.. mu :tl.$, IYPI 
tH'!Io 
!0.04VC 

U.O..maxi!0.7'11otypl 
tU' 
!O.OlVC 

200rnV(p-p) mu IOOmV(p-pl max 
UOmVfp-pl IYPI IJOmY(p-p) IYPI 
ISOmV(p-pl max IOmV(p·pl max 
UOmV(p-pl IYPI l.lSmY(p-p) typ) 

ADSS2S 

U2V 

-ss•c to .us•c 

tl.O.. mu l:t0.5'1YPI 
t4.0..mu 
t0.04'!1o,-C ma.x 
l:tO.OlVC IYPI 

•• 

.. l.OmV(p-pl,-C __ -· ·-. ·- ___! Om":~p-p),-~ _ ------·---------· -------

(X, -x, >' 110 
!0 .... 

uov 
40d8 min 

I.OMHz 
750kHz 
4$VIps 
I'll 75kHz 
Sit Ha 
lps to 2' 
lla 10 2' 

:t0.4 .. ···----------

:tl.O.. 

411" mu IUIU\ IYPI 
t151U\ mu ltSIU\ cypl .,.... 
t2Sjtl\ 

tO.ljU\ 

50dl min 

•• .. 
.. 
•• 

•• 

•• 

~rload ~~~~--------· 
OllfPilf AMPLIFIER SPECIFICATIONS 

---------·----
Ovtput lmprdancc CloliCd Loop 
Output VoltiJ" Swint TA • min to max 

OvtputNoiK 

Output Offset Volracc 
Initial Offset 

RL :> 21tfl, CL< IOOOpF 
f • 5Hz to IOitHz 
f • 5Ht to SMHz 

Trimmablc To Zt>rO 
"'· Temprraturc TA • min to max 

POi"EiSurr'Lvs"PE"CifiC"AiiONs 
Supply Volr.,c Rated Performance 

Svpply Curttnt 
Power Supply Variation 

Muhiplict' Accuracy 
Ovtpur Offwt 
Sale Fa"rar 
Fccdthroup 

lfl 

ttOV min [tiJV rypl 
0.6mV(rms) 
l.OmV(rms) 

t40mV 
0.7mvfc 

usv 
tiOV to U8V 
t6mA mu I :t4mA IYP I 

!O.OS""' 
u.smvt' 
-o.OJ""' 
:tO.ZSmV" 
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UOmV max 
2.0mvfc mu ·-----=- ------· --·---·--

UOV totUV 



PIN CONFICURA110N & DIMENSIONS 
Dimensions shown in ind!n and (mm). 

AD5J2H 

... 

-Vs 

TO· lOO 

AD532D 

TO·l16 

f-o-110111-1 
~ 

·-<1011 
'\~ 

• -l ..... • 
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v., .. 
"• 

llv l "• 
"' 

110111 
• lllt • ll11 !'lt • Yzl 

w 
; llllnt Z TIID TO OUTPUT I 

OUTl'UT 

Figu,.. t. Functional Block Dillflram 

FUNCTIONAL DESCRIPTION 
The functional block diapm for the A05 32 is shown in 
Figure 1, and the complete schematic in Figure 2. In the 
multiplying and squarinJ modes, Z is connected to the output 
to dose the feedback around the output op amp. (In the 
divide mode, it is used as an input terminal.) 

The X and Y inputs are fed to high impedance differential 
amplifiers featurintlow distortion and good common mode 
rejection. Tbc amplifter voltasc: offsets are actively laser 
trimmed to zero durinJ production. The product of the two 
inputs is resolved in the multiplier ccU using Cilben's 
linc:arized transconductancc technique. The ccU is Iuer 
trimmed to obtaift V out • (X

1 
-X2 )(Y 1-V2 )/10 volts. 

The built·in op amp is used to obtain low output impedance 
and make possible self-contained operation. The residual 
output volta,c offset can be zeroed at V01 in critical applica· 
tions .... otherwise the V01 pin should be grounded. 

Figure 2. AD532 Schematic Di8fll'am 
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ADS J 2 PERFORMANCE CHARACTERISTICS 
Multiplication accuracy is defined in terms of total error at 
+2S°C with the rated power supply. The value specified is in 
percent of full scale and includes Xin and Yin nonlinearitin. 
feedback and scale factor error. To this must be added such 
application-dependent error terms IS power supply rejection, 
common mode rejection and temperature coefficients 
(although worst case error over temperature is specified for 
the ADS US). Total expected error is the rms sum of the 
individual components, since they are uncorrelated. 

Accuracy in the divide mode is only a little more complex. To 
achieve division, the multiplier cell must be connected in the 
feedback of the output op amp as shown in Figure 13. In this 
confaguration, the multiplier cell varies the closed loop gain of 
the op amp in an inverse relationship to the denominator 
voltage. Thus, IS the denominator is reduced, output offset, 
bandwidth and other multiplier cell errors are adversely 
affected. The divide error and drift are then Em • 10/Xa -X2) 
where Em represents multiplier full scale error and drift, and 
(X, -X)) is the absolute value of the denominator. 

NONLJNEARITY 
Non linearity is easily measured in percent harmonic distortion. 
The curves of Figures 3 and 4 characterize output distortion as 
a function of input signal level and frequency respectively, 
with one input held at plus or minus lOV de. In Figure 4 the 
sine wave amplitude is 20V(p·p). 

··•·.-------------, 

f 

l..,t------'" 
I 

... • J • •• ' ........... fiii.M .....,. AIIIIHIU'IVOI . V... 

Figure 3. Percent Distortion vs. Input Signal 

.. 
f 
j• -···-, .. 

... 
..... - .. .... - --·-
Figure 4. Percent Distortion vs. Frequency 

156 

AC F£EDTHROUGH 
AC Feedthrouah is a measure of the multiplier's zero 
suppression. With one input ar zero, the multiplier output 
should be zero reaardless of the signal applied to the other 
input. Fecdthrouth as a function of frequency for the 
ADS 32 is shown in Figure S. It is measured for the condition 
Yx a o, Vy"' 20V(p-p) and Vy"' 0, Vx • 20V(p·p) over the 
given frequency range. lt consists primarily of the second 
harmonic and is measured in millivolts peak·to-peak. 

1------------- x •n-

- • .... -ftl- .... .. 
Figure 5. Feedthrough vs. Frequency 

COMMON MODE REJECTION 

-
The ADS32 features differential X and Y inputs to enhance 
its flexibility as a computational multiplier/divider. Common 
mode rejection for both inputs as a function of frequency is 
shown in Figure 6. lt is measured with X1 • X2 = 20V(p-p), 
(Y1 • Y2) a tlOV de and Y1 • Y2 • 20V(p·p), (X,- X2) = 
±tOV de. 

• •• •• •• •• ... 
fliiQIIIJOCY . "' 

Figun6. CMRR vs. Frequency 

tO 

I 

I •.. 

.... - - - -,._ .... 
FlguJYl. Frequency Respons;e, Multiplying 
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DYNAMIC CHARACTERISTICS 
The closed loop frequency response of the ADS 32 in the 
multiplier mode typically exhibits a 3d8 bandwidth of 
lMHz and rolls off at 6d8/oc:tave thereafter. Response 
t~rouch all inputs is esscntiaUy the same as shown in 
FtgUre 7. In the divide mode, the closed loop frequency 
response is a function of the absolute value of the 
denominator volt"ie as shown in Figure 8. 

Stable o~cration is maintained with capacitive loads to 
lOOOpF m all modes, except the square root for which 
S~F i~ a safe upper limit. Higher capacitive loads can be 
dnven tf a 1000 resistor is connected in series with the 
output for isolation. 

•r-------------------------------~ 

Figure 8. FreqUflncy Re$1J0n•. DMdinl 

POWER SUPPLY CONSiDERATIONS 
Althouah the AD532 is tested and specified with ±lSV de 
supplies, it may be operated at any supply voltace from 
:tlOV to :U8V for the J and K versions and :!:lOV to t22V 
for the S version. The input and output sipals must be 
reduced proportionately to prevent saturation, however, 
-?th supply YOif"'CS below ±lSV. as shown in Figure 9. 
Stnc:c power supply sensitivity is not dependent on external 
null networks as in the ADS30 and other conventionally 
nulled multipliers, the power supply rejection ratios arc 
improved from 3 to 40 times in the ADS 32. 

·~~---------~-~---=.----~.~--~.~--~
--YVOI.T ... I--

Figure 9. SigMI Swing vr. Supply 

NOISE CHARACTERISTICS 
All AD532s are screened on a sampling basis to assure that 
ou~ut noise wi~l ha.ve no appreciable effect on acc:uncy. 
Typ1eal spot notse vs. frequency is shown in Figure 10. 

I. 

la" 
L --------~----
1 

• - ... 
Figure 10. Spot Noi• vs. Frequency 

APPLICATIONS CONSIDERATIONS 
The performance and ease of use of the ADS32 is achieved 
through the laser trimming of thin film resistors deposited 
directly on the monolithic chip. This trimming-on-the-chip 
technique provides a number of significant advantages in 
terms of cost, reliability and flexibility over conventional 
in-package trimming of off-the-chip resistors mounted or 
deposited on a hybrid substtate. 

First and foremost, trimmillJ on the chip eliminates the 
need for a hybrid substrate and the additional bonding wires 
that are required between the resistors and the multiplier 
chip. By trimming more appropriate resistors on the ADS 32 
chip itself, the second input terminals that were once 
committed to external trimmiOJ networks (e.g., ADS 30) have 
been freed to allow fuUy differential operation at both the X 
and Y inputs. Further, the requirement for an input 
attenuator to adjust the gain at the V input has been 
eliminated, letting the usct take fuU advantacc of the high 
input impedance properties of the input differential amplifters. 
Thus, the ADS 3 2 offers greater flexibility for both algebraic: 
computation and transducer instrumentation applications. 

Finally, provision for fme trimmina the output voltage offset 
has been included. This connection is optional, however, as 
the ADS32 has been factory-trimmed for total performance 
as described in the listed specifications. 

REPLACING OTHER IC.MUL TIPLIERS 
Existing designs usinc IC mulriplic:rs that require external 
trimming networks (such as the ADS30) can be simplified 
using the pin-for-pin replaceability of the ADS 32 by merely 
grounding the X

2 
, V 

2 
and V05 terminals. (The V0 s 

terminal should always be grounded when unused.) 

APPLICATIONS 

MULTIPLICATION 

Figure 11. Multiplier Connection 
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For operation as a multiplier, the ADSU should be connected 
u shown in Fiprc 11. The inputs can be fed differentially to 
the X and V inputs, or sinalc~ndcd by simply sroundiftl the 
unused input. Connect the inputs acc:ordin1 to the desired 
polarity in the output. The Z terminal is tied to the output 
to close the feedback loop around the op amp (sec Figure 1 ). 
The offset adjust V os is optional and is adjusted when both 
inputs arc zero volts to obtain zero out, or to buck out other 
system offsets. 

SQUARE 

Figure 12. Squarer Connection 

The squarine circuit in Fiegrc 12 is a simple variation of the 
multiplier. The differential input capability ofthe ADS32 can 
be used, however, to obtain a positive or negative output 
response to the input .... a useful feature for control 
applications, as it might eliminate the need for an additional 
invener somewhere else. 

DIVISION 

zo-------------~ 

Figul'tf 13. Divider Connection 

The AD532 can be c:onfJgUred as a two-quadrant divider by 
connecting the multiplier ceU in the feedback loop of the 
op amp and using the Z terminal as a signal input, as shown 
in Figure 13. lt should be noted, however, that the output 
error is Jiven approximately by IOem/(X -X ), where em is 
the total error specification for the multiply rJode; and band· 
width by /m • (X

1 
-X

2 
)110, where /m is the bandwidth of the 

multiplier. Further, to avoid positive feedback, the X input 
is restricted to nqative values. Thus for single~ndcd negative 
inpuu (OV to -10V), connect the input to X

1 
and the offset 

null to Xi; for single~nded positive inputs (OV to+ lOV), 
connect the input to X

2 
and the offset null to X

1
. For 

optimum performance, gain (S.F.) and offset (X0 ) adjustments 
are recommended as shown and explained in Table I. 

For practical reasons, the useful range in denominator input 
is approximately SOOmV< I(X1 -X2 ) I< 10V. The voltage 
offset adjust (V01), if used, is trimmed with Z at zero and 
(X 1 - X2 ) at full scale. 
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SQUARE ROOT 

zo-------------~ 

za 

Figurr 14. Square Rooter Connection 

The connections for square root mode arc shown in 
Figure 14. Similar to the divide mode, the multiplier cell is 
connected in the feedback of the op amp by connecting the 
output back to both the X and V inputs. The diode D is 
connected as shown to prevent latch·up as Zin approaches 
0 volts. In this case, the V0 s adjustment is made with 
Zia = +0.1 V de, adjusting V0 • to obtain -I.OV de in the 
output, V out • - vTOT. For optimum performance, gain 
(S.F .) and offset. <Xo> adjustments arc recommended as 
shown and explained in Table I. 

DIFFERENCE OF SQUARES 

xo------....-------1•• 
...-----1---------4 x, 

AOISI Your 

Figulfl 15. Difference of Squares Connection 

The differential input capability of the AD532 aDows for the 
aJacbraic solution of several intcrcstina functions, such u 
the difference of squares, X2

- V2 /10. As shown in Fipre 15, 
the ADS32 is configured in the square mode, with a simple 
unity gain inverter connected between one of the signal 
inputs (V) and one of the inverting input terminals (-Vin> 
of the multiplier. The invencr should use precision (0.1 %) 
resistors or be otherwise trimmed for unity pin for best 
accuracy. 

TABLE I 

ADJUST PROCEDURE (Divider or Square Rooted 

DIVIDER SQUARE ROOTER 

With: Adjust for: With I Adjust for1 

Adjust X z V out z V out 
Scale Factor -lOV +lOV :UOV +lOV -IOV 
X0 (Offset) -IV +O.lV :UOV +O.lV -IV 

Repeat if required. 
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lJt't:!) 
INTEGRATED CIRCUITS 

llUlHl 1 URU Tl084, TL080A THRU Tl084A 
JFET-INPUT OPERATIONAL AMPLIFIER~ 

26 DEVICES COVER COMMERCIAL, 
INDUSTRIAL, AND MILITARY 
TEMPERATURE RANGES 

• low Power Consumption 

• Wide Common-Mode and Differential 
Voltage Ranges 

• low Input Bias and Offset Currents 

• Output Short-Circuit Protection 

• High Input Impedance ••• JFET-Input 
Stage 

• Internal Frequency Compensation (Except 
Tl080, TLOSOA) 

• latch-Up-Free Operation 

• High Slew Rate ••• 12 V/IJS Typ 

description · 

The TLOSO JFET·input operational amplifier f.tmily 
Is designed to offer a wider selection th<m any 
previously developed oper.ttional amplifier family. 
Each of these JFET·input operational amplifiers 
incorporates well-muched, high·voltage JF ET and 
bipol• transistors in 1 monolithic integrated circuit. 
The devices feature high slew rates, low input bias 
and offset currenu, and low offset voltage 
temperature . coefficient. Offset adjustment 1nd 
external compensation opdons are available within 
the TLOSO Family. 

Device types with an .. M .. suffix are characterized for 
oper~tion over the full military temperature r.tnge of 
-ss•c to t2s•c. thou with an .. 1 .. suffix are 
characterized for operation from -2s·c to ss• c. and 
thou with • • "C"' suffix are characterized for 
operation from o•c to 7o•c. 

Tl083,TL083A 
.J OR N DUAL·IN·l.INI 
PACKAGE ITOP VIEWt 

...... , -- ..... .... ... t ...... .,. •• .. .. ...... ..,.. '-"' .... ,_ .. --- ,.. __ 
I" INS 9 ANO '' ARI INTti'INAI.I. Y INTE FICONNECTIO 
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IULI.l TIN NO. Ol. S )lt).tl4, JANUAAY , • .,. 

TL080, 1\.0IIOA 
JG OR P DUAl·IN·liNI 
PACKAGE CTOP VIEWl 

l PLUG-IN PACKAGE 
ITOP Vlt:WI 

...... .... ..... 
c1..,. •c•. '"' ..,.. 

Utif'Mt ....... ""'""'' ...,.. .... ·- -..... "N .t IS IN ELECTRICAL 
CONTACT WITH THE CASI 

Tl.081,Tl.081A,Tl0818 
JG OR P DUAL·IN·LINE L PLUG·IN PACKAGE 
PACKAGE tTOP VIEWI tTOP VIEwt ...... --· .... -

f'IN ll IS IN ll.ECTfUCAL 
CONTACT WITH THI CASt 

Tl082,TL082A,TL0828 
JG OR P DUAL·IN·LINE l PLUG IN PACICAGI 
PACKAGE ITOP VIIWt ITOP Vltwt ----tllirlf ....,......,. 

TL08li,TL084A,Tl.0848 
J OR N OUAL-IN·UNE 
PACKAGE ITOP VtEWI ---·· ...... ....... ....... . ... ... ,,.... -w•, ... ..., 

.... ,...,. ~"' ........ "" ....Vf ~·..,.... 

• 

. .. ,...,, -:.::· ::::. .. , ... ,::;:. -::· ........ 
.......,, ...,. - ......,. .... 
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1111111111 ANALOG 
WDEVICES 

DICMOS 
Protected Analog Switches 

\ . 

AD7510DI, AD7511DI, AD751201 
.FEATURES 
latch""OGf 
Ovtrwoltqt·PrOGf: t25V 
Low ROH: 750 
Low Oissi$)1tlon: 3mW 
TTL/CMOS Olrtct lntttfen 
Silieon-Nitrld• Palli,attd 
Monolithic Olelectricllty·lsollttd CMOS 

GENERAL DESCRIPTION 
The AD751001, AD751101 and AD751201 ut a family of 
latch proof dielcnrically isolated CMOS switches fcaturilll 
ovcD'Oitacc protenionup to USV above tile power supplies. 
These bcnefiu arc obtained without sacrificin1 tile low "ON" 
resistance (7Sn) or low lcak-.c current (<400pAl. die main 
features of an anaJoi switch. 

The AD7510Diand A07511DI consist of four independent 
SPST analo, swircha pacJtaacd in a 16-pin DIP. They differ 
only in dlat the dilital controllo,ic is invcrted.'TIIe AD75 1201 
has two independent SPDT switches packa~td in a 14-pin DIP. 

Very low power dissipation, overvoltqe protenion and TJ'LJ 
C.\IOS dirt« intcrfacinsare achieved by combininJ a unique 
circuit dCsiln and a ditlcc:trieaJiy isolated CMOS procesa. 
Silicon nitride passivation ensures lo111 tctrn stability while 
monolithic collltrllction provides reliability. 

PIN CONfiGURATIONS 

160 

OROE~NGIN~ORMAnON 

A07SIOOIJN 
AD7tiOOIKH 
A075111MJN 
A07JIIIMKH 
A01SI2DI.J'M 
AOUUDIIOI 

AD1SIOOIJO 
A07UODIKO · 
AD1SIIDIJD 
ADUUOIKO 
AD7SUDIJO 
AD7SUDIKD 

AD1SIODISD 
AD11111MSD 
ADUIIOITO 
AD7ti2DISD 
Af)1SI2DITO 

' -u•c • .u•c 

.-ss•c"' •IU°C 

All mimic vcnions arc available screened to MII.·STO.IIJ, 
method 5004 for a dusl dcYiet. To order, add "188JI" 
to moclclllllmbcr. 

CONTROL LOGIC 

A07SIOOI: Swit~ "ON" for Addresa"HIGH" 

A01SilDI: Switdl "ON" for Addresa "LOW" 

ADUUDI: Addn:u ''HIGH" makes SI to Ouc I aod SJ to 
Out2 
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SPECIFICAnONS CVoo • +15¥, Yss • -lSYunless olherwisenot.., 

CO~EI.ClAL VIJlSIONS Q, K) 

PAitAMITU .110011. VUSIOif •zs•c · 1 • •fi"C 00 TUT CONDITJOIIII 
-u•c • •ts"c CD) 

. AHA10G SWITOI 

Ro. .\I J, lt. 750 'YP'· aoon .... 1150mu ·IOV < Vo < +IOV 
lioN ., Yo tvs) AI J, K JOt!. typ' .... l.o..\ 

!to. Dril't AI J,l .o.sii'c cyp 
!to. M&rdl AI J, lt ... typ' v0 • o, IDs • t.OmA lt.oH Dril't 

AI J, lt O.OlVC lYJ Mal ell 

10 llsl OFF' AI J, lt O.SIIA lYf· SIIA mu SOIIIIA mu V0 • •IOV, Ys • +IOV Uld 
V0 • •tOY. Vs • •tOY 

lo UsloN1 AI J,lt IOIIA mu Ys•Yo••UW , .. 
Vs• Vo • •ICW 

low' AD7JUDI J, K ''""mu ISOOIIIA mu VSI • Yovt • tiOV, Vu • ;aov 
Uld Vu • VOV'f • tiDY. v11 • l'IOV 

DIGITAL CONTAOI. 

V ' AI J, lt O.IV mu I'lL, 
VNC AI J J.OV m• 

AI lt Z.4V mill 

c.. AI J, lt Jpf typ 

'-' AI J, lt IOIIA mu v.,.v00 
I AI J,IC IOnA mu v.,. 0 1. 

II•NAMIC 
CHAAACTEIUSTICS 

IoN -· · AD7511101 
'· lt 

ltool typ' 
AD7SIID1 

'· lt 
UDII& lYf Y_, • 010 •J.OV 

ton AD1UODI J, 1: JSDII& I)'Jt 

AD7511DI J, lt ttoot typ' 

"nwmnDM AD7SUDI J, lt JODII& I)'Jt 

C, l(olOPP. AI J, lt .,, typ 

(sl~lON AI J, lt l?pF I)'Jt 

- Cus ( -ouT) AI J,lt lpF typ "Yo IVsl • ov 
Coo IC.l AI J. lt O.SpF typ 
Covr AD7S12DI J,l J1pF I)'Jt 

o.,,· AI J, lt JOpC typ' Mot-IH ac S « D 1mlliaal. 
G,. • IOOOpF. V_, • 0 10 JY, 
V0 tYs) • +IOV 10 ·IOV 

POWU SUPP\.Y. 

~· AI J,l IOO!IAmu IIOCI&Amu All 4itfilal inpva • VINIC .. AI J,lt IOOpA 111111 IIOCI&Amu 

~· AI ,: lt SOCifiA 111111 SGC~f~Amu All4ifiw ll'lpva • vfft. .. AI J, IC SOCifiAmu SGC~f~Amu 

NOTII• 
'lOO. ..... . -.....,_,....,...__ 'A,....,-. .,....., •·aa ·--•-·r- n1. _ .... 

~ ........... --. 
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TYPICAL PERFORMANCE CHARACfERISTICS 
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CD4000B. CD4001B. C040028, C04025B Types 

COS/MOS NOR Gates '•""'": 
• ... ......... eMit¥ ·~ • 10 .. ltyp.l " 

HI~·Vol1191 Types(2().Volt Ratine) 
Ou .. 31npu' 

.,.,. lnvtftll' - co•oooe 
Quid 21nput- CD40011 
Duel 4 Input - CD40021 
Tr~le 31nput- CD40251 

IICA.Q><IOOOI, C040011, C040021, lfld 
C0402SI NOli ptft prooridll llw t¥tlt1ft 
dt•'9"1f ..,11\ di~ea imple_,~tioft of 11\t 
NOR !umtiOft lnd ~e-nt t1w tlllll"" 
family of COSIMOS flltl. All ...,.,u lnd 
OUIIIUIS M bulftrt4 
The C040001, CO<IOOII. CD•0021, and 
CO<I0258 tvl* .,. supplied ift 14·1«11d 
lwtrtMtic dull·ift.lina cet-ic INdl.,n CO 
lnd F wffhrnl. 14-lead dull·in·lina pltttie 
pact.,n lE wffial. lnd ift cflill form CH 
suffiat. 

STATIC tUCTRICAL CHARACTlRISTICI 

C1, •10 ,, Voo • 10'1 

• "'"""' iftpolu.,., ..,,,... 
e Stwtr4i.IM IY-IIiul ........ dl•acwmtict 
a 1~ IH1M for Nai,..,. .,t-t amtM at 20 V 
• S.V, tO. V • ..W 15-V l*tiNtrlc rt1i"tt 
• M.a•• illll'lt -•••t Ill 1 ~~~ If 11 V 

OHr ful PHillfl·lt...,.,aturt , ..... : 
100 1\A ti t1 V tfti KOC 

• NoiM ,., ... (on• fvl pado ... tampo<ttv,. 

""'ttl: 
1 VatVoo•IV 
2 V tt Voo • 10 V 

:U V et VDD • 11 V 

• Mot11 Ill""'""-"" ctf JlDlC ftfttttift 
Sundanl No. 13A, "Su"""'d Specif"-tioN 
for Doueiptioft ctf ~ ... S.rit1CMOS Dtrc.• 

\.IMIT$ AT INOICATIO TtMPl .. AfUIIIIr'CI 

CONDITIONS v ......... -u. •3. ••a """ too.• .H""""" 
CHAIIACTIII• va~v .. " -<~o. •a. •n ......, .. e I'Mbtt UHns IS TIC vo v, .. voo •• 

M M M -· ...... •• •US ...... ~ ..... 
a..-.o.- . 0.1 ' us 03 7.1 u . 001 0.3 

c .... -. - I 
10 .. u ,, 11 . 001 u too Mu. . ,, I I lD lD . .... ,.,. 

1 - 311 ' ' ISO ISO . •• • 
0..-l- Ot ' Ott 011 ... , 0311 OSI I 

~S.Mtc .... - .. 0.10 10 11 IS I I 01 13 u 
'<11. ....... 

" 0 IS IS .. , • u u u u . 
o .. •~~~t~""" .... o.s ' -ott -Oil ·041 

• •• .... I . -~Sour .. , u Ill I ·l ·11 ·U I IS ••• .u . . 
e... ...... ., 0.10 10 ... ·U • I I 01 

_., u 
I()H-

13' 0,11 ,, . ., • 11 )4 .,. .. 
0..-VOII ... . u I 001 . 0 00$ 

lew·l ...... . 0.10 10 ooe. 0 00$ vo., ..... . 0.11 ,, •• 0 00$ V 
O..t~~~t~Vo«- . u • •• • • • M .... l ...... . 0.10 .. ,,. 

'"' •• . 
VC)N- . O.IS IS '"" 14"' 

,, . 
1-L- o.s.u . ' 

,, - - ll 
V ........ • •• . 10 ) - - , 

Ytl ...... 
1 S.I3.S - IS • - - .. 

'-"· u • u )S 
V . - -

V ........ I . 10 , , - -Vut- 1.1 - ,, 
11 11 - -

·-e... ..... 
0.11 11 .. , ·o' .......... ,, I 11 - ··o·• tO I ,.,. 
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........... 
~ 
FUNCTIONAL OIAGIIAM 

C:-11 ......... 
FUNCTIONAL OIAOIIAM 

CD40INI -· ....... 
FUNCTIONAL OIAGIIAIII 
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CD40118, CD4012B, CD4023B Types 

COS/MOS NAND Gates 
Hifh·Volt.tgt Ty.,.s 120-Volt RltintJ 

Quad 21nput- C040111 
OIMI4 lll()ut- C040128 
Ttiplt 3 Input - CD40231 

ACA~0~111. CO.C0121, lftlll CO.C02ll 
NAND "'" CI'OOidt lht ..,_ dn...
wolfl ditea i~lllaliOft of IN NAND 

funct•Oft and '"""'''''"" !he •••...,. fllftily 
of COSIMOS "'"' All iftp.lu IN WIOVU 
ltl bufltrld. 
Thf CD40111. CD~I21, IN C~238 
trll'" lfl tupplild ill IC·Itld hlr .. IIC dull• 
in·liM etttmoc PKI<liiJH ID tnd F &uffixnl. 
I.C·Itld dull·ill~ine planoc IIKkiiiH ll llllf· 
fill land in~~~ f-IH .,ffill" 

F,.tufft: 
• ~opaptioft •le¥ time ..... 11YJ1.) .. 

c-. ·so,,, voo• ttv 
• lufflflld ....,.,.. ........... 
.......... bid .,_triul...,, chal-.inlll 
• M.,.l-lftplnamiM .. t/IAat11Y 

..,., fuii!Mdla,. ._..,.... • ..,, "''""; 
tOO 11A at 11 V 11111 aiiC 

• tOO'ltutld f• ..., .. _ cwrtllt " 20 V 
• 1-V, u~v. 11111 11-v ,.,,_uic ••U.. 
8 NoiM "''""" C....r fvll ,IClt .. ll .... fl
r~: 

1V~tVoo•IV 
zv .. voo•11V 

Z.l V 11 Voo • 11 V 

o Mtta ell ffiiVUt!MftU af JIOIC TtMIIift 
St .... rll No.13A, "'Sltlld .... Specif"ICI ...... 
fOJI Ottcriptioft., ... HSaril1 CMOS o...-.· 

MAXIMUM RATINGS, AhHI/flt#llum>um V•IUft: 
0C SUWU YOUAGI IIAttGf. IYool 
IYolt_.,_.....,.,. VU T .. -

tHI'UT YOI. f AGl IIIAOOGI. AU 1-ft 
0C IIII'U'f CUIIR(HT. AH\' OHI ,_. 
IIOWIII DtUII'ATtOIIHIII I'ACitAGI "'eel 

.• , .... v 
•·''•"oo•otv 

!10-

f. Ta 011 .. •C"c ti'ACKAGI lYH ll 
'• t a •10 •• ·•"C II'ACotAGl TYH 11 . -o.. .... ~-.... 01 If ...wwec •• :000-
'• fa f6 •• •IOO"C II'ACKAGI T<rf'l S O.JI 
f• fa •IGO 1ft •I""(; II'A(KAGI TYI'lS 0. fl . . --~., ...... .,.,..,. .... ,,...w;ec ....... 

01 VtCI DtUifi'A IIOH PlR OUTI'VI lft ..... StStOII 
fOil fa fUU PACK&Gl UwtiiAIUIII IIAHCf IAIIfl'.-•- fvt•"l 

Cfl'lll.UIHC TlWliiATUIIt IIAHGitTal 
PACIAGI fYf'U 0. f. tt 
I'"(W.ACI TYI'I l 

$TOIIAGl tiWfiiAIUHt IIIAIOGitf,,.., 
l.lAO flWtiiATUttl lllUMIOOG SOliMIIIHGI 

RI COMMENCED Cf'ERATING CONDITIONS 
,., _..._. ..r.-.rr. _.., .. ,., ctwldio-t~tou~t~"" ll'!lww,. ,. 
flltlllt•"" ill.,.,,., fllirtlilt IN ,..,.,... ,.,.,..: 

C:HAAACTEAI$TIC 
M I ... 

UMITS 

MA .. 

soapp~y.vot'• ,._,.,,., '•. '"" 'acl• 3 11 
Ttii\Ciftt!UitR-1 

TERMINAL ASSIGNMENTS 

• .. • • .... • ... ... 
• .... 
• • .. • -·-

CO.CI1tl 

..-• • I 

• • .... 

CD4012. 

... .. ,... . 
• • 
t 

• 
• . .... ..... 
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··-" ... us"t 
.... ·•"t 
" .. ·•ll"t 

UNIT I 

" 

tfti·H""* e-n• 
FUNCTIONA'- DIACIIA.tlll 

coeotn vo ,.,.,. 
rUNCTIONAL OIAGII-

C04CD. • • ...... 
PUINCTIOIItA&. DIAGIIa.. 
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CD40118, CD40128, CD40238 Types 

SfATIC IUCTIUCAL CHAftACUIUSTICI 

LIMITS AI INOICATtD UW'liiAIUIIUrect 
COIIICMTICNI V.,_ .. -411, •8, •t8 ~ te O,F,M , ...... 

CHAIIACtiJII. V ...... • _., •a. •H AWY .. c he ..... UNtYI 1snc 
vo Y1111 voo •• 
M M M .... ..... .. . , . ..... 'fyt . ..... 

Qvtftm1U0.- . 0.1 ' 0.2$ o.a u u . 0.01 0.21 
c.. .... - 0,10 10 u 0.1 IS 11 . 0.01 u too Mea. 0,11 11 1 :10 - 0.01 I 

,. . I :10 . 0,20 20 I I ISO ISO - o.o:t I 
()utpull. .. u '" I 014 .,, 0,4, 0 . .11 Oil I -

IS.MIC..•- 01 0.10 10 1.0 11 I I 01 ll a . 
'Ot. ...... 1.1 ! 0.11 " u c u H :u u -

Ov~Pofl H'llll u o.s s -0.14 -0.11 -o.n -0)1 -0.11 -I . .._,. 
!s-od u ... I 

_, .... -l.l -l.l!o -u -u -c;....-. u 0.10 lO -u -u ·I. I -O.t -u -u . 
I()HU"'. 

ll.l 0,11 11 ·•U -· -u -U -14 -u -
O..tiNIYofl •. - Cll I • •• - 0 ••• 

Lcw·Uwf, . 0.10 10 ... . • •• VOt,1141. - 0,11 11 ••• - 0 ... 
V 

OviiNtYoft.; - 0.1 I ••• ... I -
Hotfi·L-. . 0.10 " Ul •• ,, -Y()H MoA. - 0.11 11 ..... ..... .. -

I_.L_ 4.1 - I u - - u 
Volt •• • - 10 , - - , 

vu •••. 
13.1 . 11 " - - • 
u.u I 11 11 

V 

·-· H'llll 
- - -

Volt •• lt - •• , , - -v, ........ U,IU - 11 11 u - -,_.c;.,.,_ 
0.11 •• ... tO. I 11 tt - ne· I tO. I ,.. 

ltNIIll•. 

-- -·-,.,., _____ ...,.,~--- '•' • rrt~•lll•fiNI ... -..1~ ,.,_., ....• 
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C04011B, C04012B, CD4023B Types 

•• .. 

.. ~ • ........ 
I .......... 

,., ... , ....... 
-~··hiCtal .. ........ .... . ,.. ........ . 

,._,-.~cM-tic _,_#6..,_ '-CD.,, .. 

•• .. 

.. " .... ..•..• . .... ....... ~ 
IIUII ·--

• .. ... ....... 
,, • - ,_..., _,_ ,...,_,.. CD«R# 

DYNAMIC UICTIUCAL CHAAACTIAISTICI 
At 1A •a" C.·,.., t,. r,• ""'· c, • Mllfl'. ltf. •1llllt0 

TUT CONDITIONS 
ALL TVPII 

I.IMITI 
CHAAACTIIIISTIC UNITI 

"'oo TVP. MAll. 
VOUI 

,_,....,.. o.u, r•. I 125 250 
lf'HL, IPI.H tO 10 I:JO ... ,, •• to 

' 100 -Tt-ilioft Tlmt. 10 M tOO .. 
'THL• fTI.M ,, .. • 

.....,, C..PK•-· CtN ,_, ,.,. I u , 
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M MOTOROLA 

SEMICONDUCTORS 
PO 80X 20912 • PHOENIX. ARIZONA 85036 

TRIMFET FAMILY OF JFET 
INPUT OPERATIONAL AMPLIFIERS 

These low cost TRIMFET operational ampiWters combine two 
state-of·the·art linear technologies on a single monolithic integrated 
circuit Each internally compensated operational amplifier has well 
matched high voltage JF ET input devices with a laser trimmed input 
offset voltage. The BIFET technology provides wide bandwidths and 
fast slew rates with low input bias currents, input offset currents, 
and supply currents. The laser trimming technology provides input 
offset voltage specification options which range from 2.0 to lO milli· 
volts maximum. 

The Motorola TRIMFET family offers single, dual and quad 
operational amplifiers which are pin<ompatible with the industry 
standard MC1741, MC1458, and the MC3403/LM324 bipolar 
devices. The MC35001135002135004 series are specified over the 
military operating temperature range of -55°C to + 125°C and the 
MC34001/34002/34004 series are specified from ooc to +700C. 

• Laser Trimmed Input Offset Voltage Options of 
2.0, 5.0. and 10 m V Ma>~imum 

• Low Input Bias Current - 40 pA 
• Low Input Offset Cumtnt- 10 pA 
• Low Input Noise Voltage- 16 nV f../Hl 
• Wide Gain Bandwidth - 4 MHz 
• High Slew Rate - 13 V /jl.s 
• Low Supply Current - 1 .8 mA per Amplifier 
• High Input Impedance- 1012 {l 
• High Common·Mode and Supply Voltage Rejection 

Ratios- 100 dB 
• Industry Standard Pinouts 

ORDERING INFORMATION 

OpAmJO Temperanue 
Fuf"C1ton o.- Ra.,.. p--

MC34001AG,8G.G 0 ID +7o"c MetoiCon 

MC34001AP,BP,I' 0 ID +700C PlastiC DIP 

Sing I• MC34001AU.8U,U Oto +700C Ceramic: DIP 

MC3SOOIAG,8G -55 to +125"C ""-toiCllft 
MC::ISOOIAU,IIU -55 to +125"C Ceramic Dip 

MC34002AG BQ G Oto+7o"c Metal C.. 

MC34002AP,BP-' Oto +7o"c Plastic: DIP 

Duli MC34002AU,IIU,U Oto+7o"c Ceramic OIP 

!,11C35002AG,BG -65 to +12s0C M•,.ICllft 

MC35002AU,8U -6510 +125'>C Ceromic: OIP 

MC34004AL,8L,L 0 to+7o"c Cetlltnic DIP 

Oulld MC34004AI' ,BP)' 0 to+70"C ,.._acOIP 

MC35004,AL,BL -6510 +125'>C Ceramic DIP 
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MC3.4001, MC35001 
MC3400.2,MC35002 
MC34004,MC35004 

TRIMFET 
FAMILY OF BIFET 

OPERATIONAl AMPliFIERS 
LASER TRIMMED SILICON MONOLITHIC 

INTEGRATED CIRCUITS 

GSUFFIX 
METAl rACK AGE 

CASE SOt 

I;IC:UOOI, MC3!1001 
(Top V-I 

NC 

NuU , , CC Olfso:e, V 
ln¥•rti~. , • OutPUt 
1npyt • 

Non.. 1 , OflMt 
tn\lfllttmt . Null 
Input Vel 

PSUFFIX USUFFIX 
CERAMIC PACKAGE 

CASE 693 
PLA$TIC PACKAGE 

CASE 626 
(MC34001, MC34002 ontyl 

LSUFFIX 
CERAMIC PACKAGE 

CASE 632 
TO·IUI 

P$UFFIX 
PLASTIC PACKAGE 

CASE 646 
IMC34004 Ofttvl 
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0 
168 



WLACE TRANSFOII.M T AIIL£ 

lApl.ate lr(IMfqrm Timti/'IJ.'IICI.itlrt 
F(e) /(t) 

1 

• v(t) (unit et.ep lunetion) 

1 
ii t 

"' I!' (a • intepr) ?i· 
1 e-• i'"+ii 
1 ,....., - ,...., 

~~ +o)(e + 5) b-o 

"'•' ""' . ~ 
.. + 2.1r...e + ., •• VI - ,. ,.. .... , IlD ..... 1 - "" 

1 
!I'•<" 

1
- tH ,.....,..1/f' (I + eT)• 

....... 
Tw,.tr'"' + .,.,-..._, llin (w..V1 - A - •> 

1 - 21Tw. + Ttw.• ..)(1 - 1')(1 - 21Tw.. - rtw.•' 
(1 + Tt)(ei + 21w.e + w,.') 

where • • tao-1 Tw..yr=ii 
1- T&.a 

"'• llin w.t (e' + w..•) 

...... Tw.. 'tr + 1 . 
t + rtw.•,.. . v• + rtw.• IUl <w..t - •> 

(1 + Te)(e• + w,.i) 
where .; • tan-t w..T 

1 
....... 1 +VI - ,. ,.. .... , llin (w.. Vl - '" - .;) 

·<·· + .... + ...,.•) where • - t&D-1 <t/1 - .. -· ....... 
1 - COitl,t 

1(,. + w..•) 
1 1 - ,-11'1' 

1(1 + T1) 
1 

1-L¥rllf' •h + fe5• 
1 rtw.• -U'I' + 

- 1 - 2T&.. + rtw.• • 
w.• ,-.._•sin (w,...)l - 111 - .;) 

1(1 + T•H•' + 21111,., + ,.,,.•) ..)1 - 1•(1 - 21Tw.. + rtw.•) 
where .; • tao-1 (..JI=li/ -I) 

+ t&D-I(Tt~.~/(1 - T&.,.)J 
21 1 

"'·· I - ;: + .,...J
1 

_ I',....._, llin (w.. <t/1 - A - •> 
e•(,a + 21w.e + w,.l) 

where • - 2 tao-1 Nt - ,.,, - • 
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WLACI TRANSFORM TABLI (COIII.) 

Loplou traM/arm Tim~ /'IAfll:litM 
F(a) /(() 

21 T'w.' t-T--+ .-lfr 
fll,. I - 21w,.T + T'w.' 

Cl!,.• + 
,..-...,. •• c~..Jt - ,., - •> 

11(1 + Tr)(r' + 21w .. + w,.t) ~..J(l - fl)(l - 21r.J,.T + T'w.• 
where • - 2 tan-• Nl - ,., - I) + 

tan-1 [T.,...jl - 1'/(l - TCII,.I)J 
1 

t - 2T + (t + 2T)1-ur •'(1 + Ta)' 

w,.l(l + 41) 
w~l-2oaw,.+a'ol,.' _..._,. ( ~+) 

• 1-11 I IUICII,.- • 

•• + 21c.t .. + "•' where + • tan-1 aw.,..,fl=li 
1-alw, 

"'•'<1 + 41) w,...jl + 4 1w,.t sin (w,.t + +) where (at+ w,.') • - tan-l ar..,. 

"'" ~ 1 - 2oaw,. + o'w.1 

..jl - 11 1 - 2Tiw,. + ftw,.t ,-..._, li.o (.,...jl - 1'1 + +) 

w,.1(1 + 41) + (T - a~• -•If' 
(1 + T•H•' + 21w,.. + "'•'> 1 - 2ta.,. + TtW:• • 

where + • tan-• aw...J1 - I' _ taa-• T~..jl - I' 
1-alw. 1-f ... 

"'•'(1 + 41) 
""''(T - o) ~..Jl + o-..• 
1 + TiW;• .-ur + ..Jt + Kt;• li.o (~ + •> 

(1 + Ta)(a1 + ~·> 
where • • tan-1 aw,. - tu-• ~T 

1 
1 + ...[1=-ii ..jt - 24lw, + ...... -...... 

w,.1~1 + 41) l -·· 
•<•' + 21w .. + ... •) li.o <-..jt - ,., + +) 

where + - tu-• aw,...,fl=li - tan-a ..jJ - i' 
1-aa... -· 

""''(1 + 41) 1 + T""''(a T) ,-ur _ ~~ + a\1..• eo. (..., + +) 
•U + T•><•' + •• •) l+f'w.1 1+T-..• 

where + • tan-• aw. - taa-~T 

t+..J 1-~+ ...... ' 
(1 - 1'){1 - 2T.._ + T'w.' .-.... 

w,.1(1 + 41) . ( ~ ~•T(a - T) 
a(l + T•><•' + ~ + w,.•) 

1111 .... 1 - 1 1 + +) + 1 _ 27'.._ + N ,-ur 

• - tan-•[aw,..yr=-ii((l - ..... )] -
tan-•(T~..Jt-="ii/(1 - Tlw.)) - t&Q-l Nl -.,-I) 

1+• t + <• - T)(l - rllr) 
,.(1 + T•> 

~· .... ..jt - ... - ..... , li.o <~~ + • 

.. +~+~· where + • tu-• ..jt - p -· 
0 
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I...\ft.Aa TRANSFORM TABLE (coli/.) 

[Apl(JI)f f.TtJM/tmn Time functWA 
l'(t) /(t) 

• 
~ coew,.l 

• -
1
- hinw.l <•' + ... •)• 2c.t .. 

' 1 
<•' + .,.,•)(•• + .... ;.) .. ;. • (COli .,_,, - COli •• ,) .. , 

• - 1 -1/f' + 1 
(1 + Tlc.t,.t) • ...jl + TS..• coe (w.l - •> 

{1 + T•><•• + .,.•> where • • ta,n-a t~~,.T 

1+~~t+btl 
'+ (G _ T, _ Ts) + b - 11T1 + T~ .-11'1' _ r, .... r. 

t'(1 + Tal)(l + Tt~) b - GTt + T.J .-llf't 
Tt- T, 

1+~(1-a&,. bw,.1 +2bflwal)t+.,.t(l-fi)(G-2bftJJ.)I 

w,.1(1 + Gt + bJI) 
(1 - 11) 

•<·· + u.. .. + tJJ,.•) 
.--.•sin (.,....jl - •• , + •> 

f • tan-1 t~~,.Vl - 11(11 - 2b&,,.) _ tan_1...jl - a• 
bw.(:U1 1) + 1 - Gl.,. - • 

•• 1 ( . 
<•' + .,.•)• 2c.t,. IIUl t~~J + "'·' COli t~J) 
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