Unit-II DC Motor Drives

Four Quadrant Operation of DC Motor

Four Quadrant Operation of any drives or DC Motor means that the machine operates in four quadrants. They are Forward Braking, Forward motoring, Reverse motoring and Reverse braking. A motor operates in two modes – Motoring and Braking. A motor drive capable of operating in both directions of rotation and of producing both motoring and regeneration is called a Four Quadrant variable speed drive.

In motoring mode, the machine works as a motor and converts the electrical energy into mechanical energy, supporting its motion. In braking mode, the machine works as a generator, and converts mechanical energy into electrical energy and as a result, it opposes the motion. The Motor can work in both, forward and reverse directions, i.e., in motoring and braking operations.

The product of angular speed and torque is equal to the power developed by a motor. For multi-quadrant operation of drives the following conventions about the signs of torque and speed are used. When the Motor is rotated in the forward direction the speed of the motor is considered positive. The drives which operate only in one direction, forward speed will be their normal speed.

In loads involving up and down motions, the speed of the motor which causes upward motion is considered to be in forward motion. For reversible drives, forward speed is chosen arbitrarily. The rotation in the opposite direction gives reverse speed which is denoted by a negative sign.

The rate of change of speed positively in the forward direction or the torque which provides acceleration is known as Positive motor torque. In the case of retardation, the motor torque is considered negative. Load torque is opposite to the positive motor torque in the direction.

The figure below shows the four quadrant operation of drives.
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In the I quadrant power developed is positive and the machine is working as a motor supplying mechanical energy. The I (first) quadrant operation is called Forward Motoring. II (second) quadrant operation is known as Braking. In this quadrant the direction of rotation is positive, and the torque is negative, and thus, the machine operates as a generator developing a negative torque, which opposes the motion.

The kinetic energy of the rotating parts is available as electrical energy which may be supplied back to the mains. In dynamic braking dissipated the energy is dissipated in the resistance. The III (third) quadrant operation is known as the reverse motoring. The motor works, in the reverse direction. Both the speed and the torque have negative values while the power is positive.

In the IV (fourth) quadrant, the torque is positive, and the speed is negative. This quadrant corresponds to braking in the reverse motoring mode.

Applications of Four Quadrant Operation

· Compressor, pump and fan type load requires operation in the I quadrant only. As their operation is unidirectional, they are called one quadrant drive systems.

· Transportation drives require operation in both directions.

· If regeneration is necessary, application in all four quadrants may be required. If not, then the operation is restricted to quadrants I and III, and thus dynamic braking or mechanical braking may be required.

· In hoist drives, a four-quadrant operation is needed.

The four quadrant operation and its relationship to speed, torque and power output are summarized below in the table.

	Function
	Quadrant
	Speed
	Torque
	Power Output

	Forward Motoring
	I
	+
	+
	+

	Forward Braking
	II
	+
	-
	-

	Reverse Motoring
	III
	-
	-
	+

	Reverse Braking
	IV
	-
	+
	-
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What is Braking? Types of Braking-Regenerative, Plugging & Dynamic Braking

The term braking comes from the term brake. We know that brake is an equipment to reduce the speed of any moving or rotating equipment, like vehicles, locomotives. The process of applying brakes can be termed as braking. Now coming to the term or question what is braking. First of all we can classify the term braking in two parts

1. Mechanical Braking

2. Electrical Braking

Mechanical braking is left out here because as it is an electrical engineering site, we should only focus on electrical braking here. In mechanical braking the speed of the machine is reduced solely by mechanical process but electrical braking is far more interesting than that because the whole process is depended on the flux and torque directions. We will further see through the various types of braking but the main idea behind each type of barking is the reversal of the direction of the flux.

So, we can understand that when it is asked that what is braking? We can say that it is the process of reducing speed of any rotating machine. The application of braking is seen at almost every possible area, be it inside the motor used in factories, industrial areas or be it in locomotives or vehicles. Everywhere the use of mechanical and electrical brakes is inevitable. 

Types of Braking

Brakes are used to reduce or cease the speed of motors. We know that there are various types of motors available (DC motors, induction motors, synchronous motors, single phase motors etc.) and the specialty and properties of these motors are different from each other, hence this braking methods also differs from each other. But we can divide braking in to three parts mainly, which are applicable for almost every type of motors. 

1. Regenerative Braking
2. Plugging type braking
3. Dynamic braking
Regenerative Braking

Regenerative braking takes place whenever the speed of the motor exceeds the synchronous speed. This baking method is called regenerative braking because here the motor works as generator and supply itself is given power from the load, i.e. motors. The main criteria for regenerative braking is that the rotor has to rotate at a speed higher than synchronous speed, only then the motor will act as a generator and the direction of current flow through the circuit and direction of the torque reverses and braking takes place. The only disadvantage of this type of braking is that the motor has to run at super synchronous speed which may damage the motor mechanically and electrically, but regenerative braking can be done at sub synchronous speed if the variable frequency source is available. 

Plugging Type Braking

Another type of braking is plugging type braking. In this method the terminals of supply are reversed, as a result the generator torque also reverses which resists the normal rotation of the motor and as a result the speed decreases. During plugging external resistance is also introduced into the circuit to limit the flowing current. The main disadvantage of this method is that here power is wasted.
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Dynamic Braking

Another method of reversing the direction of torque and braking the motor is dynamic braking. In this method of braking the motor which is at a running condition is disconnected from the source and connected across a resistance. When the motor is disconnected from the source, the rotor keeps rotating due to inertia and it works as a self-excited generator. When the motor works as a generator the flow of the current and torque reverses. During braking to maintain the steady torque sectional resistances are cut out one by one.
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Dual Converter

Dual converter, the name itself says two converters. It is really an electronic converter or circuit which comprises of two converters. One will perform as rectifier and the other will perform as inverter. Therefore, we can say that double processes will occur at a moment. Here, two full converters are arranged in anti-parallel pattern and linked to the same dc load. These converters can provide four quadrant operations. The basic block diagram is shown below.
[image: image5.png]SuPPLY

CONVERTER1

HavorH

CONVERTER 2





Modes of Operation of Dual Converter

There are two functional modes: Non-circulating current mode and circulating mode.
Non Circulating Current Mode

· One converter will perform at a time. So there is no circulating current between the converters.

· During the converter 1 operation, firing angle (α1) will be 0<α1< 90o; Vdc and Idc are positive.

· During the converter 2 operation, firing angle (α2) will be 0<α2< 90o; Vdc and Idc are negative.

Circulating Current Mode

· Two converters will be in the ON condition at the same time. So circulating current is present.

· The firing angles are adjusted such that firing angle of converter 1 (α1) + firing angle of converter 2 (α2) = 180o.

· Converter 1 performs as a controlled rectifier when firing angle be 0<α1< 90o and Converter 2 performs as an inverter when the firing angle be 90o<α2< 180o. In this condition, Vdc and Idc are positive.

· Converter 1 performs as an inverter when firing angle be 90o<α1< 180o and Converter 2 performs as a controlled rectifier when the firing angle be 0<α2< 90o In this condition, Vdc and Idc are negative.

· The four quadrant operation is shown below. 
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Ideal Dual Converter

The term ‘ideal’ refers to the ripple free output voltage. For the purpose of unidirectional flow of DC current, two diodes (D1 and D2) are incorporated between the converters. However, the direction of current can be in any way. The average output voltage of the converter 1 is V01 and converter 2 is V02. To make the output voltage of the two converters in same polarity and magnitude, the firing angles of the thyristors have to be controlled.
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Types of Dual Converters

They are of two types: Single-phase dual converter and three-phase dual converter. 

Single Phase Dual Converter

The source of this type of converter will be single-phase supply. Consider, the converter is in non-circulating mode of operation. The input is given to the converter 1 which converts the AC to DC by the method of rectification. It is then given to the load after filtering. Then, this DC is provided to the converter 2 as input. This converter performs as inverter and converts this DC to AC. Thus, we get AC as output. The circuit diagram is shown below.
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Three Phase Dual Converter

Here, three-phase rectifier and three-phase inverter are used. The processes are similar to single-phase dual converter. The three-phase rectifier will do the conversion of the three-phase AC supply to the DC. This DC is filtered and given to the input of the second converter. It will do the DC to AC conversion and the output that we get is the three-phase AC. Applications where the output is up to 2 megawatts. The circuit is shown below.
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Application of Dual Converter

· Direction and Speed control of DC motors.

· Applicable wherever the reversible DC is required.

· Industrial variable speed DC drives.

What is a Phase Controlled Rectifier?

The term PCR or Phase controlled rectifier is a one type of rectifier circuit in which the diodes are switched by Thyristors or SCRs (Silicon Controlled Rectifiers). Whereas the diodes offer no control over the o/p voltage, the Thyristors can be used to differ the output voltage by adjusting the firing angle or delay. A phase control Thyristor is activated by applying a short pulse to its gate terminal and it is deactivated due to line communication or natural. In case of heavy inductive load, it is deactivated by firing another Thyristor of the rectifier during the negative half cycle of i/p voltage.

Types of Phase Controlled Rectifier

The phase controlled rectifier is classified into two types based on the type of i/p power supply. And each kind includes a semi, full and dual converter.
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Single-phase Controlled Rectifier

This type of rectifier which works from single phase AC i/p power supply.

Single Phase Controlled Rectifiers are classified into different types

Half wave Controlled Rectifier: This type of rectifier uses a single Thyristor device to provide o/p control only in one half cycle of input AC supply, and it offers low DC output.

Full wave Controlled Rectifier: This type of rectifier provides higher DC output

· Full wave controlled rectifier with a center tapped transformer requires two Thyristors.

· Full wave bridge controlled rectifiers do not need a center tapped transformer

Three-phase Controlled Rectifier

This type of rectifier which works from three phase AC i/p power supply.

· A semi converter is a one quadrant converter that has one polarity of o/p voltage and current.

· A full converter is a a two quadrants converter that has polarity of o/p voltage can be either +ve or –ve but, the current can have only one polarity that is either +ve or -ve.

· Dual converter works in four quadrants – both o/p voltage and o/p current can have both the polarities.

Operation of Phase Controlled Rectifier

The basic working principle of a PCR circuit is explained using a single phase half wave PCR circuit with a RL load resistive shown in the following circuit.

A single phase half wave Thyristor converter circuit is used to convert AC to DC power conversion. The i/p AC supply is attained from a transformer to offer the required AC supply voltage to the Thyristor converter based on the o/p DC voltage required. In the above circuit, the primary and secondary AC supply voltages are denoted with VP and VS.
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During the +ve half cycle of i/p supply when the upper end of the transformer secondary winding is at a + ve potential with respect to the lower end, the Thyristor is in a forward biased state.

The thyristor is activated at a delay angle of ωt =α, by applying an appropriate gate trigger pulse to the gate terminal of thyristor. When the thyristor is activated at a delay angle of ωt =α, the thyristor behaviors and assuming a perfect thyristor. The thyristor acts as a closed switch and the i/p supply voltage acts across the load when it conducts from ωt =α to π radians For a purely resistive load, the load current io that flows when the thyristor T1 is on, is given by the expression.

Io= vo/ RL, for α≤ ωt ≤ π
Applications of Phase Controlled Rectifier
Phase controlled rectifier applications include paper mills, textile mills using DC motor drives and DC motor control in steel mills.

· AC fed traction system using a DC traction motor.

· electro-metallurgical and Electrochemical processes.

· Reactor controls.

· Magnet power supplies.

· Portable hand instrument drives.

· Flexible speed industrial drives.

· Battery charges.

· High voltage DC transmission.

· UPS (Uninterruptible power supply systems).

Some years back AC to DC power alteration was attained using mercury arc rectifiers, motor generator sets, and Thyristor tubes. The modern AC to DC power converters are intended to high current, high power Thyristors. Presently, most of the AC to DC power converters are thyristorised. The Thyristor devices are phase controlled to get a variable DC o/p voltage across the output load terminals. The phase controlled Thyristor converter uses AC line commutation for turning off the Thyristors that has been switched ON.

These are less expensive and also very simple and widely used in industrial applications for industrial DC drives. These converters are categorized as two quadrant converters if the o/p voltage can be made either + ve or -ve for a given polarity of o/p load current. There are also single quadrant AC-DC converters where the o/p voltage is only +ve and cannot be made –ve for a given polarity of o/p current. Of course, single quadrant converters can also be designed to deliver only -ve DC o/p voltage. The operation of two quadrant converter can be attained by using fully controlled bridge converter circuit and for a single quadrant process we use a half controlled bridge converter.
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EXCITED DC MOTOR DRIVES

Controlled converter fed dc drives are generally operated on the principle of operation of phase
control, where the phase control depends upon either natural commutation or line commutation.
In industrial applications, the drive circuits make use of more than one thyristor. In such circuits,
when incoming thyristor is turned on by triggering, it immediately reverse biases the outgoing
thyristor and turns it off. As phase control converters need no commutation circuitry, these are
simple and less expensive, and therefore they are widely used in industrial applications such as
steel rolling mills, paper mills, traction system working on de, etc.

Controlled converter dc drives can be categorized in two ways depending upon the supply
SIS, § €., single-phiase and three-phase systems. Contratied converter do drives depend ugorn
quadrant operations. They are classified as:

(A) Single-phase semi-controlled converter dc drives, which are further divided into
(i) Separately excited dc drive;
(ii) Series dc motor drive;

(B) Single-phase fully controlled converter dc drives, which are further divided into
(i) Separately excited dc drive;
(ii) Series dc motor drive.




[image: image15.png]Single-phase Semi-controlled Converter of dc Separately Excited Motor

A single-phase semi-controlled converter bridge with two thyristors and two diodes and its
quadrant operation is shown in Fig. 1.10. The two thyristors are T; and T and the two diodes
are D, and D,. The load is a separately excited drive, where the load current is assumed to be
continuous over the working range. The drive is shown in Fig., the motor is shown by its
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[image: image17.png]equivalent circuit, and its field supply is not shown. When field control is required, the field is
fed from either a controlled converter or an uncontrolled converter. The ac input voltage is
defined as

V, =V, sin ot
In a cycle of source voltage defined by Eq., thyristor 7 receives the gate pulse from

o to 7 and thyristor 7, from (7 + @) to 277. The motor terminal voltage and current waveforms
for both discontinuous and continuous modes are shown in Figures
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[image: image19.png]Voltage and current waveforms in continuous conduction




[image: image20.png]Continuous conduction

During the positive half cycle, the motor is connected to the supply voltage V, through the
thyristor 7} triggered and diode D;. The load terminal voltage Vj is of the same wave shape as
the ac source voltage V,. Beyond period 7, I, tends to reverse as V, changes polarity. This
forward biases the freewheeling diode Dgy and it starts conducting. The motor current i, which
was flowing from the supply through T is transferred to Dgw. During period 7 < ot < (% + Q),
the motor terminals are shorted through Dy, making Vj zero.

During the period ¢ < ®f < 7, the armature loop equation is

di
V.= Ri, +La7;'+Eb

During the negative half cycle at @7 = (7 + &), the thyristor 7; and diode D, conduct, and the
load is connected to the source through 75 and D,. The output voltage is of the same wave shape
as the ac source voltage. Beyond 27 the source voltage polarity reverses; this forward biases the
freewheeling diode and it starts conducting. The motor current i, which was flowing from the
supply through T; is transferred to Dgy. During the period 27 < @t < (27 + @), the motor
terminals are shorted through Dy, making V, zero. From 27+ o onwards the cycle will repeat.

During the period 7 < @r < (7 + @), from Fig. the armature loop equation is found to

be
di
V,=0=R,i, + Ld—+Eb
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[image: image22.png]In the above equation, the first term represents the theoretical no-load speed and the second
term represents the speed drop produced by the armature current I, and hence the torque T.




[image: image23.png]Discontinuous conduction

In discontinuous armature current mode, the no-load speed well be higher than the value of firing
angles o, and then significantly its speed regulation will be poor. The motor performance
deteriorates the ratio of peak to average, and the RMS to average armature current ratio
increases.

Operation: From waveforms shown in Fig., during the positive cycle period & < @t < 7,
thyristor 7; and diode D, conduct and start the armature current flow. Beyond of = 7, the motor
terminals are shorted by Dy, the armature current decays to zero at @t = f3, before the thyristor
T, is triggered at @t = 7 + o<. Therefore the armature current is discontinuous. During the period
o to 7, thyristor 7 is triggered and its average output voltage is positive. Thus during 7 to S,
the motor current freewheels through Dy, and the average output voltage is zero. In this
interval, 8 < @t < (7 + o), the motor “coasts”, while the average output voltage is the same as
the back emf Ej,.
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Voltage and current waveforms in discontinuous condition




[image: image25.png]Speed-torque characteristics

Speed—torque curves are shown in Fig.. The no-load speed is given by the equation
@y, = V,,/K for 0 < ot < 7/2 and V,,/K (sin @) for /2 < a < 7. The operation of the drive, which
operates in quadrant-I only, is represented by the equivalent circuit of above Figure
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[image: image27.png]shows the plot V, against « (Eq.) for half-controlled converter for continuous conduction
operation. The output voltage cannot be reversed. When coupled to an active load, the motor
speed can be reversed by reversing Ej, as shown in Fig.
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[image: image29.png]As the current direction does not change, the machine now works as a generator producing
generator torque; a such type of braking is nothing but plugging. Such a braking is not only
inefficient, but also causes a large current to flow through the rectifier and motor, which damages

the rectifier and the motor. Therefore, when the load is active, more care should be taken to
avoid such operation.




[image: image30.png]Single-phase Fully Controlled Converter of Separately Excited dc Motor

A single-phase full converter bridge with four thyristors is shown in Fig. 1.8(a). One thyristor
pair is T}, T and the other thyristor pair is T3, Ty For load, a separately excited drive type is
used, where the load current is assumed to be continuous over the working range.

The drive is shown in Fig. 1.15, and the motor is shown by its equivalent circuit with its
quadrant peration. The field supply is not shown. When the field control is required, the field
is fed from a controlled converter, and otherwise from an uncontrolled converter. The ac input
voltage is already defined by Eq. (1.12). The motor terminal voltage and current waveforms for
both discontinuous and continuous modes are shown in Figures 1.16 and 1.17 respectively:
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Fig. 1.15 Single-phase fully controlled converter of separately excited dc motor.

Continuous conduction

Thyristors T}, T, are simultaniously triggered at ¢, and thyristors 73 and 7 are triggered at
(7 + @). The motor is always connected to the input supply through the thyristors. Thus T} and
T, conduct during the interval oo £ @t < (7 + @), and connect the motor to the supply. At
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[image: image33.png]Fig. 1.16 Voltage and current waveforms in continuous conduction.




[image: image34.png](7 + @), when thyristors T; and T, are triggered immediately the supply voltage appears across
the thyristors T} and T, as a reverse bias voltage and turns them off. This is called natural
commutation. During ¢ to , energy flows from the input supply to the motor. Both source
voltage V, and current I, are positive, and so there is significantly positive power flow.
However, during 7 to (7 + @), some of the motor energy is fed back to the input system,
and also, the source voltage and current have opposite polarities just like Ej and i,, which makes
for reverse power flow (regeneration process). For firing angle o > 90°, the average motor
terminal voltage V, is now negative. If the motor back emf Ej, is reversed, it will behave as a
dc generator and will feed power back to the ac supply. This is know as the inversion operation
of the converter, and this mode of operation is used in the regenerative braking of the motor.

Vo=Ri, + La% +E, foraswt<(m+0) (1.33)

The average motor terminal voltage is given by
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In the preceding equation, the first term represents the theotrical no-load speed, and the

second term represents the drop in speed produced by the armature current I, and hence the
torque T.

i

N=

(1.36)

Discontinuous conduction

In discontinuous armature current operation, the no load speed will be higher than values of
firing angle () and then its speed regulation will be significantly poor. From waveforms shown




[image: image37.png]in Fig. 1.17, during positive half cycle & < wt < 7, thyristors T, and T, conduct and start the
armature current flowing and motor gets connected to the source and its terminal voltage. equals
V... The armature current which flows against both E, and the source voltage after @t = 7, falls
to zero at f3. Due to the armature current falling to zero, thyristors T; and T, get turned off. The




[image: image38.png]motor terminal voltage is now equal to its induced voltage E,. Similarly, during the negative half
cycle (7 + @) < wt < 2, thyristors T3 and T, conduct, the next cycle is repeated and its motor
terminal voltage equals the source voltage.
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Fig. 117 Voltage and current waveforms for discontinuous conduction,




[image: image40.png]Speed-torque characteristics

The speed-torque curves for the drive are shown in Fig. 1.19; the ideal no-load characteristics
are obtained when 7, = 0. This will happens when E, > V,, throughout the period for which the
firing pulses are present. Therefore, when & < 71/2, E; should be greater or equal to V,, and when
a2 7/2, E, should be greater or equal to V,, sin or. Therefore no load speed is given by

v,
o= 2 forosas% (1.44)
v,
= —;?—sin a for — <asnm (1.45)

The maximum average terminal voltage 2V,,/7 is equal to the rated motor voltage. The boundary
between continuous and discontinuous conduction is shown by dotted lines in Fig. 1.18. For

torques less than rated, a low power drive mainly operates in discontinuous conduction. In
continuous conduction the speed-torque characteristics are parallel straight lines whose slope

according to Eq. (1.44) depends upon the armature circuit resistance. The drive operates in first
quadrant motoring operation, just like a semi-controlled converter, and in fourth quadrant reverse

regenerative braking.
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Fig. 1.18 Voltage versus firing angle waveform.
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Fig. 1.19  Speed-torque characteristics.

When the firing angle is greater than or equal to 90°, V, is negative. Therefore, this mode
of operation is inversion mode. And it is said to operate as an inverter. Since generator power

is supplied to the source in this operation, it is regenerative breaking. The average output voltage
versus firing angle is shown in Fig. 1.18.




