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ABSTRACT 

In this thesis, the theory behind a separate-winding excitation direct current (DC) motor 

and profile of the motor’s torque versus rotor speed is studied.  The torque versus rotor 

speed profile results are predictably linear at a given armature voltage.   

Output torque of a separate-winding excitation DC motor is proportional to the 

armature current.  From this theory, a program was written in Simulink with Xilinx 

embedded software to enable a user to command the DC motor torque through a 

Graphical User Interface (GUI).  The command is then converted to control armature 

current through a Field Programmable Gate Array (FPGA) to the DC motor.  The 

armature current level is maintained through a programmed Proportional Integral (PI) 

Controller to keep output torque constant regardless of armature voltage and rotor speed.  

This result is a way to command constant output torque to a DC motor. 
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EXECUTIVE SUMMARY 

The research completed in this thesis investigates the theory behind separate-winding 

excitation DC motor operation in order to design a way to command and control torque 

through a user interface.  Previous research on a doubly-fed induction generator (DFIG) 

control system that uses a DC motor to provided variable input torque did not offer an 

accurate means of providing specifically defined input torque. 

There are a many different ways to operate a DC motor.  The basic separate-

winding excitation setup was selected because of its ease and known predictability.  A 

separate-winding excitation DC motor was step up and tested.  The figure below shows 

the how the DC motor behaved in regards to the motor’s output electric torque versus 

rotational speed at a given armature voltage (VA).   

 
Electric torque versus rotational speed for a separate-winding excitation DC motor 

 



 xiv

A program was written in Matlab/Simulink software with Xilinx embedded 

software that uses a Field Programmable Gate Array (FPGA) system to operate the DC 

motor.  Using the theory validated on the separate-winding excitation operational setup, 

we wrote a program to take a user defined torque combined with the measured rotor 

speed to provide the correct armature voltage to the DC motor.  However, the program 

did not initially work because the program was written for constant rotor speed and user 

defined torque.  When load was applied to the DC motor, the rotor speed changes, and 

consequently, the armature voltage and current changes.  By having varying armature 

current, the motor had varying output torque.   

From DC motor theory, output torque is also directly proportional to armature 

current (Ia).  From this theory, the program was altered to take the user defined torque 

and apply the correct armature current to the DC motor.  The armature current was also 

stabilized through a PI controller to keep the average, armature current constant and, 

therefore, keep the output torque constant regardless of rotational speed and load 

variations.  The following two figures show constant armature current on channel 3 at 

different speeds and armature voltages. 

 
Armature voltage and current at 4 lbf-in commanded and 1900 rpm 



 xv

 
Armature voltage and current at 4 lbf-in commanded and 1500 rpm 

 

In summary, separate-winding excitation DC motor operational theory was 

validated.  A program was then written to output user defined, torque from the DC motor.  

The double-fed induction generator control system or any other research requiring a DC 

motor with commanded torque now has a controlled means of operation for further 

research opportunities. 
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I. INTRODUCTION  

A. BACKGROUND 

U.S. Federal Agencies have been ordered by the President, and directed by law, to 

increase their use of renewable energy sources.  The Energy Policy Act of 2005 requires 

by the year 2013 that 7.5 percent of electrical energy used by federal agencies come from 

renewable energy sources.  This goal must increase to 25 percent total facility energy 

consumption by the year 2025 [1].  With the move towards renewable and recyclable 

energy creation, it becomes apparently clear that shifting energy consumption on federal 

installations towards non-fossil fuel technology is needed. 

Wind technology is increasing growing and reliable source of renewable energy 

consumption.  According to the American Wind Energy Association, the installed 

capacity of wind grew at an average of twenty-nine percent per year from 2002-2007 [2].  

Harnessing this technology for use on federal installations and improving the efficiency 

of the system would add to the goal of reducing fossil fuel energy consumption on federal 

installations.   

In December 2009, the Naval Postgraduate School finished developing a 

laboratory doubly-fed induction generator (DFIG) control system [3].  The DFIG control 

system is designed to provide stable electric power from wind turbines.  A DFIG system 

is shown in Figure 1 [4]. 
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Figure 1.   Doubly-fed induction generator wind turbine system, from [4]. 

To simulate wind speed and torque provided to the DFIG, the DFIG is 

mechanically pushed by a direct current (DC) motor shown in Figure 2. 

 

Figure 2.   Doubly-fed induction generator wind turbine system modified, from [4]. 
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Use of a DC motor [3] is a cheap and efficient way to provide torque and speed to 

the system for lab testing.  However, the torque provided by the DC motor used in [3] is 

unmeasured and undetermined as to how much torque is being provided to the DFIG 

system.   

B. OBJECTIVE 

The purpose of the thesis was to have a better understanding how DC machines 

operate in order to choose the correct setup to provide the best output torque.  The setup 

chosen should be easily predictable on performance for easier control.  After choosing the 

best DC motor setup for torque and predictability, we wrote a user-friendly program to 

command accurate and sustained output torque to a DC motor.  

C. APPROACH 

The approach of this thesis was based on analysis of separate-winding excitation 

setup of a DC motor.  Following validation of the theory, we wrote a computer program 

to allow a user to command how much electric torque the DC motor will output.  First, a 

basic understanding of the theory of DC motor operation and behavior of separate-

winding excitation setup is required before programming can be developed.  The DC 

motor theory was researched from [5], [6], and [7].  Next, the components, equipment, 

and software were selected.  Most of the equipment that was required were the same as 

used in [3], with the exception of an electro-dynamometer that was used in place of an 

induction generator to provide offsetting electric loads and the ability to measure output 

torque.  Finally, a program was written based on DC machine theory using 

Matlab/Simulink and Xilinx software to program a Field Programmable Gate Array 

(FPGA) to control voltage or current to the motor.  A Graphic User Interface (GUI) was 

used to order up desired output torque of the DC motor.   
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D. THESIS ORGANIZATION 

This thesis is organized with the theory of separate-winding excitation DC 

motors, including the equations that represent torque, rotor speed, field and armature 

currents and voltages, covered in Chapter II.  These values are profiled for the Labvolt 

DC motor used for testing.   

Two computer simulation models were written in Simulink and are detailed in 

Chapter III.  Test setup and results for each test is presented and performance is explained 

in detail. 

Results of the testing and conclusions about the DC motor performance are 

addressed in Chapter IV.  Recommendations on future work are suggested for additional 

research regarding DC motor commanded torque. 

Date sheets for equipment used, Matlab code, Simulink models, a hexadecimal 

conversion datasheet for desired torque output on the Graphical User Interface (GUI) are 

detailed in the Appendixes. 
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II. DC MACHINE THEORY  

A. INTRODUCTION 

In this chapter, the theory of DC motor operations is reviewed from reference [5].  

The theory is then validated by testing the setup of a 120-volt DC motor to validate the 

theory.  Finally, the results of the Labvolt DC motor operations test are documented for 

future research opportunities.   

B. DC MOTOR THEORY 

1. Overview 

There are multiple ways to operate a DC machine, either as a motor or a 

generator.  For this thesis, a motor operation is selected because our main objective is to 

control output torque of a DC motor to drive a DFIG [3].  A DC motor can be set up in 

multiple ways.  Four different, ways to control torque are described in [5]:  Separate-

Winding Excitation, Shunt-Connected, Series-Connected, and Compound-Connected. 

Separate-Winding Excitation is a simple setup where the circuit is separated into 

two separate circuits.  One side is a field circuit that is used to produce a field flux and 

the other side is an armature circuit that provides current to the rotor via brush and 

commutator.  The interaction of the field flux and armature current in the rotor produces 

torque.  The remainder of this thesis will focus on Separate-Winding Excitation, which 

will be explained in more detail later on.   

A Shunt-Connected DC motor uses the same theory as Separate-Winding 

Excitation with the exception that the two circuits are connected in parallel instead of 

having separate voltage sources.  By connecting the circuits in parallel, the field voltage 

is equal to the armature voltage.  A Shunt-Connected DC motor is the most common 

industry setup because the motor will run at constant speed regardless of load.  Its 

disadvantage is the torque potential of the motor will drop as more load is placed on the 

motor.  A field rheostat is commonly used to adjust the field current to control the rotor 
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speed of the DC motor.  Example uses of a Shunt-Connected DC Motor are machine 

lathes and manufacturing lines where speed and tension control are more important. 

A Series-Connected DC motor still uses a field and an armature circuit like the 

Separate-Winding Excitation and Shunt-Connected DC Motor except the field circuit is 

connected in series with the armature circuit.  Connecting the field and armature circuit in 

series causes the field current to equal the armature current.  This set up allows the motor 

speed to adjust with torque load.  The advantage to Series-Connected DC Motors is 

higher start-up torque.  Its disadvantage is that in only allows operation for short periods 

of time and not continuous operation.  Examples of uses for series-connected DC motors 

include crane hoists where heavy load will be raised or traction motors used to drive 

trains to get massive amounts of weight moving or an automobile starter motor. 

A Compound-Connected DC Motor uses a combination of both Shunt and Series- 

Connected to combine the characteristics of both.  The Compound-Connected DC Motor 

has to two field circuits and one armature circuit.  One of the field circuits is connected in 

parallel with the armature circuit, and the other field circuit is connected in series with the 

armature circuit.  The advantage to a Compound-Connected motor is that the motor will 

keep constant speed regardless of load changes like the Shunt-Connected DC motor and 

will respond better to higher torque demands like the Series-Connected DC motor.  Some 

common uses of Compound-Connected DC motors include elevators, air compressors, 

and conveyors.   

2. DC Motor Basic Concept and Equations 

To understand how to control or command output torque of a DC motor, a review 

some of the basics of dc machine operations was looked at to understand the relationship 

of electric torque to the field and armature voltages and currents. 

An elementary 2-pole DC machine is shown in Figure 3 [5].  The DC machine is 

equipped with a field winding wound on the stator poles, a rotor coil (a-a’) and a 

commutator.  A commutator is a usually made up of two semi-circular copper segments 

mounted on the shaft at the end of the rotor and insulated from each other.  The terminals 
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of the rotor coils are connected to a copper segment.  Stationary carbon brushes ride upon 

the copper segments so that the rotor coil is connected to a stationary circuit by a nearby 

frictionless contract [5]. 

 

Figure 3.   Elementary 2-pole DC machine, from [5]. 

The armature coils rotate in a magnetic field established by current flowing in the 

field winding.  Voltage is induced in these coils by this rotation.  The action of the 

commutator causes the armature coils to appear as a stationary winding with its axis 

orthogonal to the magnetic axis of the field winding.  As a result, voltages are not 

induced in one winding due to the time rate of change of the current flowing in the other 

[4].   



 8

These conditions, derived from [5], define the field voltage ( )fv  and armature 

voltage ( )av  in matrix form as    

 
0f FF

f f

a a
r AF a AA

dr Lv idt
v idL r L

dt
ω

⎡ ⎤+⎢ ⎥⎡ ⎤ ⎡ ⎤
= ⎢ ⎥⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦⎢ ⎥+⎢ ⎥⎣ ⎦

, (2.1) 

where fi and ai are the field and armature currents,  ar and fr are the armature and field 

resistance, and AAL  and FFL are the self-inductance of the armature and field windings, 

respectively.  AFL is the mutual inductance between the armature and field windings, 

and rω is the rotor speed.   

An equivalent circuit of a DC machine, shown in Figure 4, defines where these 

variables are identified.  On the right side of Figure 4, or the armature circuit side, the 

voltage induced from the motor action is equal to AF r fL iω .  This is sometimes referred to 

as the back emf.  AF r fL iω also represents the open-circuit armature voltage ( )av  [5]. 

 

Figure 4.   Equivalent circuit of a dc machine, from [5]. 

From [5], electric torque eT  is defined by its mutual inductance and the field and 

armature current as 

 e AF f aT L i i= . (2.2) 
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Electric torque is equivalent to mechanical torque and is defined in [5] as 

 r
e m r L

dT J B T
dt
ω ω= + +

,
 (2.3) 

where J is the inertia of the rotor, mB  is the damping coefficient, LT  is the load torque 

that opposes the electric torque. 

3. Separate-Winding Excitation DC Motor Equations 

Separate-winding excitation is a basic DC motor setup that is similar to Figure 4 

with the exception of a variable field rheostat is added to the circuit.  A field rheostat is 

used to adjust the field current in the circuit.  In Figure 5, an equivalent circuit, similar to 

Figure 4, with a field rheostat is shown.  Reference [5] defines the rheostat as fxr .   

 

Figure 5.   Equivalent circuit for separate field and armature excitation, from [5]. 

When the DC motor is at steady state, [4] defines the field voltage as 

 f f fV R I= . (2.4) 

The total field resistance fR is equal to the field rheostat value fxr plus the field 

circuit resistance fr .  The capital letter denotes steady state values for current and voltage 

[4]. 

The armature voltage at steady-state operation is [5] 

 a a a r AF fV r I L Iω= + . (2.5) 
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Rearranging Equation (2.5) to solve for aI , we get 

 a r AF f
a

a

V L I
I

r
ω−

= . (2.6) 

Substituting Equation (2.6) into (2.2), we get 

 a r AF f
e AF f

a

V L I
T L I

r
ω−⎛ ⎞

= ⎜ ⎟
⎝ ⎠

. (2.7) 

The mutual inductance AFL  has a constant value.  If the field voltage fV and total 

field resistance fR are held to a constant value, fI will stay constant.  Therefore, 

reference [5] introduces a new variable vk to simplify the product of these constants as 

 v AF fk L I= . (2.8) 

Therefore, to simplify Equation (2.7) further, we substitute (2.8) into (2.7) to get 

 a r v
e v

a

V kT k
r
ω⎛ ⎞−

= ⎜ ⎟
⎝ ⎠

. (2.9) 

From Equation 2.9, we can now predict the electric torque eT  at a given speed 

rω if the armature voltage aV  is constant at steady-state conditions.  Inversely, we can 

also predict rω  at a given eT  for a constant aV . 

C. EQUIPMENT SETUP FOR PERFORMANCE TESTING OF THEORY  

Some of the components used in this experiment were the same that were used in 

[3] for the purpose of follow-on work compatibility with [3].  The equipment used for 

this experiment and shown in Figure 6 and detailed in Appendix A:  Student Design 

Center (SDC) – Reference [8], Semi-stack IGBT, AC/DC Power Supply, 175W DC 

motor, Electrodynamometer, Tachometer, Computer with Matlab/Simulink and Xilinx 

Software, and Oscilloscope and Multimeters. 
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Figure 6.   Photograph of equipment used. 
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In Figure 7, a schematic diagram of the equipment setup for this experiment is 

shown. 

 

Figure 7.   Equipment Setup Schematic. 

From the AC/DC power supply, the 120 VDC constant source, node 8, was used 

on the field side of the DC motor since a constant field voltage is desired.  The field 

voltage measured 132 V but stayed constant with each test.   

The armature voltage required also needed to be constant, but the variable source 

in the range 0-120 VDC was used on the armature side so that the armature voltage could 

be changed between tests.  The variable voltage power supply connected with the supply 

side of the Semistack-IGBT. 

The Semistack-IGBT, manufactured by SEMIKRON and shown in Appendix A, 

was used to manipulate space vector manipulation (SVM) in [3].  Though SVM is not 

required for this thesis directly, the design utilizes an available port on the DFIG side 

SEMISTACK-IGBT of [3].   
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A square wave generator program, shown in Figures 8 and 9, was written in 

Matlab/Simulink with Xilinx software to provide a better constant armature voltage than 

that supplied directly from the AC/DC power supply.  This program was written utilizing 

the same Chipscope Interface, Data Conversion, and A-to-D conversion, and encoder 

blocks of [3]. 

 

Figure 8.   Matlab/Simulink Program for constant armature voltage. 

 

Figure 9.   Square Wave Generator block from Figure 8. 
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An electro-dynamometer, shown in Appendix A, was used to provide a load to the 

DC motor.  At steady-state conditions, the load torque LT  is equal to the electric torque 

eT  [5].  The load torque was increased or decreased on the dynamometer by adjusting the 

amount of AC current supplied to the dynamometer.  The dynamometer measured load 

torque in pound-force-inches (lbf-in).   

Measurements of torque and speed were taken at three different armature voltages 

to profile and measure the Labvolt, DC motor.  These measurements will also help to 

identify the values of kv, ra, LAF, Rf, which are not listed on the specifications sheet in 

Appendix A. 

D. RESULTS 

In this section, the Separate-Winding Excitation DC motor theory is validated.  

The results of the following tests can be used to profile the Labvolt DC machine for 

future research.  Tests were completed at three different supplied armature voltages and 

graphed to profile the torque versus speed profile.   

1. Initial Values and Measurements 

The Labvolt DC motor, shown in Appendix A, is rated at ¼ shaft horsepower, 120 

V, 2.8 A, and 1800 rpm.  The armature and field resistances were measure using a 

mulitmeter.   

The armature resistance ar  measured to be 8.5 Ω using a multimeter.  The 

armature resistance was measured across the armature terminals with the brushes of the 

rotor in series with the field windings.   

The field resistance fR  was measured after the initial armature voltage was set 

for the first test.  An initial armature voltage of 110 V was selected by adjusting the 

variable DC voltage power supply until the average voltage across the motor measured 

110 V on an oscilloscope.  No load torque was applied on the dynamometer.  The 

rheostat was then adjusted on the field circuit so that the initial test speed was measured 

to be 1800 rpm on the tachometer.  The field resistance fR , which is the field resistance 
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plus the applied rheostat resistance, measured to be 644 Ω using a multimeter.  The field 

resistance was measured across the field windings in series with the adjusted rheostat.  

For the remainder of the test, the rheostat was locked in place and never adjusted so that 

fR remained constant throughout all tests.   

The DC machine inductance values were also not initially known.  The mutual 

inductance is the only measurement needed in order to calculate torque.  The mutual 

inductance was calculated using power Equations from [6] and [9].  Power out is 

calculated as the product of the torque and rotor speed, which is equivalent to the 

products of the armature and field currents and voltages supplied minus power losses.  

Equating these two powers, we get 

 out e r a a f f lossP T V I V I Pω= = + − . (2.10) 

Power losses are estimated by the products of the armature and field resistances 

and currents squared, neglecting friction, windage, and core losses on the basis that they 

are minimal.  Power loss is approximately calculated from 

 2 2
loss a a f fP I r I r+ . (2.11) 

Now substituting (2.11) into (2.10) and solving for eT , we get 

 
( )2 2

a a f f a a f f
e

r

V I V I I r I r
T

ω

⋅ + ⋅ − ⋅ + ⋅
= . (2.12) 

The initial values, which are measured on an oscilloscope, multimeter, and 

tachometer to determine initial torque, are tabulated in Table 1. 
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Table 1.   Initial measurements. 

Initial Measurements 

aV  110 V 

fV  132 V 

aI  0.38 A 

fI  0.20 A 

rω  1800 rpm = 188.5 rad/s 

ar  8.5 Ω 

fR  644 Ω 

 

Using Equation (2.12) and the initial values measured, we initially calculated 

 
( )( ) ( )( ) ( ) ( ) ( ) ( )( )2 2110 0.38 132 0.20 0.38 8.5 0.20 644

188.5 /
0.219

e

e

V A V A A A
T

rad s
T N m

+ − Ω + Ω
=

= ⋅ .(2.13)
 

The mutual inductance was then calculated by rearranging Equation (2.2) to 

obtain 

 e
AF

f a

TL
i i

=
⋅

. (2.14) 

From Equation (2.14), the mutual inductance AFL  at the initial test was calculated 

as 

 ( ) ( )
0.219 2.88

0.38 0.20AF
N mL H

A A
⋅

= =
. (2.15)

 

From Equation (2.8), the constant vk was calculated as 

 ( )( )2.88 0.20 0.576vk H A A H= = ⋅ . (2.16) 



 17

2. Measured Values at Set Armature Voltages 

The measured values at different torque loads, the calculated mutual inductance 

AFL  using Equation (2.14), and the calculated electric torque using Equation (2.7) at set 

armature voltages of 110 V, 121 V and 100 V are shown in Tables 2 through 4.  The 

calculated torque tabulated in Tables 2 through 4 was calculated using Equation (2.12) in 

units of Newton-meters.  The torque conversion factor to convert units of Newton-meters 

to pound-force-inches is 0.11298lbf in
N m

⋅
⋅ .  The calculated mutual inductance listed in 

Tables 2 through 4 was calculated using Equation (2.14).  The torque value for the 

calculated mutual inductance used the torque calculated by Equation (2.12) in Newton-

meters and the measured field and armature current. 

Table 2.   Measured values and calculated eT  and AFL  at aV  = 110 V. 

Measured Calculated 

( )LT lbf in⋅  ( )fV V  ( )fI A  ( )aV V ( )aI A ( )r rpmω ( )AFL H ( )eT N m⋅  ( )eT lbf in⋅

0 132 0.20 110 0.38 1800 2.88 0.22 1.94 
1 132 0.20 110 0.57 1750 2.90 0.33 2.93 
2 132 0.20 110 0.77 1700 2.93 0.45 4.00 
3 132 0.20 110 0.93 1650 2.98 0.55 4.90 
4 132 0.20 110 1.1 1600 3.02 0.67 5.89 
5 132 0.20 110 1.3 1575 3.02 0.78 6.94 
6 132 0.20 110 1.5 1550 3.01 0.90 7.99 
7 132 0.20 110 1.8 1500 3.03 1.09 9.64 
8 132 0.20 110 2.0 1475 3.02 1.21 10.70 
9 132 0.20 110 2.2 1450 3.02 1.33 11.75 
10 132 0.20 110 2.4 1400 3.07 1.47 13.02 
11 132 0.20 110 2.7 1375 3.03 1.64 14.49 
12 132 0.20 110 2.9 1350 3.03 1.76 15.54 
13 132 0.20 110 3.2 1325 2.99 1.91 16.94 
14 132 0.20 110 3.4 1300 2.99 2.03 17.97 
15 132 0.20 110 3.8 1275 2.92 2.22 19.62 
16 132 0.20 110 4.0 1250 2.91 2.33 20.60 
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Table 3.   Measured values and calculated eT  and AFL  at aV  = 121 V. 

Measured Calculated 

( )LT lbf in⋅  ( )fV V  ( )fI A  ( )aV V ( )aI A ( )r rpmω ( )AFL H ( )eT N m⋅  ( )eT lbf in⋅

0 132 0.2 121 0.38 2000 2.86 0.22 1.92 
1 132 0.2 121 0.58 1925 2.91 0.34 2.99 
2 132 0.2 121 0.75 1875 2.95 0.44 3.91 
3 132 0.2 121 0.9 1800 3.03 0.55 4.83 
4 132 0.2 121 1.1 1750 3.07 0.67 5.97 
5 132 0.2 121 1.3 1725 3.06 0.80 7.04 
6 132 0.2 121 1.5 1675 3.10 0.93 8.23 
7 132 0.2 121 1.8 1650 3.07 1.11 9.78 
8 132 0.2 121 2 1600 3.12 1.25 11.03 
9 132 0.2 121 2.1 1575 3.14 1.32 11.66 
10 132 0.2 121 2.4 1550 3.11 1.49 13.21 
11 132 0.2 121 2.6 1525 3.11 1.62 14.29 
12 132 0.2 121 2.8 1500 3.10 1.74 15.38 
13 132 0.2 121 3.1 1450 3.12 1.94 17.15 
14 132 0.2 121 3.3 1425 3.12 2.06 18.24 
15 132 0.2 121 3.7 1400 3.06 2.27 20.05 
16 132 0.2 121 4 1375 3.03 2.42 21.44 
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Table 4.   Measured values and calculated eT  and AFL  at aV  = 100 V. 

Measured Calculated 

( )LT lbf in⋅  ( )fV V  ( )fI A  ( )aV V ( )aI A ( )r rpmω ( )AFL H ( )eT N m⋅  ( )eT lbf in⋅

0 133.1 0.2 100 0.5 1625 2.86 0.29 2.53 
1 133.1 0.2 100 0.6 1575 2.92 0.35 3.10 
2 133.1 0.2 100 0.8 1525 2.95 0.47 4.18 
3 133.1 0.2 100 0.9 1500 2.97 0.53 4.73 
4 133.1 0.2 100 1.1 1475 2.96 0.65 5.76 
5 133.1 0.2 100 1.4 1425 2.97 0.83 7.37 
6 133.1 0.2 100 1.6 1400 2.96 0.95 8.40 
7 133.1 0.2 100 1.8 1375 2.96 1.06 9.42 
8 133.1 0.2 100 2 1350 2.95 1.18 10.45 
9 133.1 0.2 100 2.2 1325 2.94 1.30 11.46 
10 133.1 0.2 100 2.4 1300 2.94 1.41 12.47 
11 133.1 0.2 100 2.6 1250 2.99 1.55 13.75 
12 133.1 0.2 100 2.8 1225 2.98 1.67 14.78 
13 133.1 0.2 100 3.1 1175 3.00 1.86 16.48 
14 133.1 0.2 100 3.4 1150 2.96 2.01 17.83 
15 133.1 0.2 100 3.8 1125 2.88 2.19 19.39 
16 133.1 0.2 100 4.1 1100 2.84 2.33 20.59 

 

3. Results 

From Tables 2 through 4, it was observed with each increase in load torque that 

the rotor speed decreased by 50 or 25 rpm.  The calculated mutual inductance varied 

slightly and ranged from 2.84 to 3.14 H.  The average mutual inductance was calculated 

to be 2.99 H.  The standard deviation of the mutual inductance calculated to be 0.05, 

0.09, and 0.07, respectively.   

The calculated output torque was slightly higher than measured load torque in 

every measured point.  This error is likely caused from the windage, friction and core 

losses discussed earlier.  Other causes of error could be from the calibration accuracy of 

the dynamometer and the measurement of the armature current using an oscilloscope.  

Using a torque meter to measure torque would have been a better solution than relying on 

armature current and calculated mutual inductance for torque.  However, no torque meter 
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was available at the time of testing, and it was assumed that load torque would be 

approximately equal to electric torque output for a separate-winding excitation DC motor 

from [4]. 

From the data tabulated in Tables 2 through 4, a plot of calculated electric torque 

versus measured rotor speed at the three different armature voltages is shown in Figure 

10.  At constant voltage, the calculated torque increases nearly linear as rotor speed 

decreases.  For every unit of torque in pound force-inches, the rotor speed decreased 0.3 

times the rotor speed in rpm.  This was nearly linear because the calculated mutual 

inductance was nearly constant.  At the three different armature voltage tested, the linear 

slope remained the same.  The rotor speed was faster at higher armature voltage and no 

load torque.  In conclusion, we have validated that torque is proportional to rotor speed at 

a constant armature voltage.   

 

Figure 10.   Electric torque versus rotor speed. 
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E. CHAPTER SUMMARY 

The theory of separate-winding excitation DC motor operations was reviewed in 

this chapter.  This theory was then validated in an experiment to find torque at a given 

speed and armature voltage.  The experiment showed that the motor behaved predictably 

in the operating range in which it was tested.  We will next take the theory validated in 

this chapter and use it to command the DC motor and output desired torque through 

Simulink Modeling with Xilinx embedded software. 
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III. COMMANDING TORQUE 

A. INTRODUCTION 

Now that the torque can be predicted for a separate-winding excitation DC motor 

at a certain rotor speed, the motor can be programmed to output a torque from a user 

interface utilizing Matlab, Simulink, and Xilinx software.  An attempt at commanded 

torque by controlling armature voltage is covered in this chapter.  Finally, commanding 

torque by controlling armature current is covered. 

B. COMMANDED TORQUE BY CONTROLLING ARMATURE VOLTAGE 

1. Overview 

A theory of controlling armature voltage for a given rotor speed and user-defined 

torque is covered in this section.  This theory is then built into Simulink and tested on the 

separate-winding excitation DC motor through Xilinx software interface.   

2. Controlling Armature Voltage Testing 

A simulink program, which was written for an existing DC motor controls, the 

rotor speed for a separate-winding excitation DC motor [7].  In [7], armature voltage is 

the user-defined input to the DC motor, and rotor speed is measured.   

We rewrote the program, which was written for [7], to require a user to input the 

desired torque vice the desired armature voltage.  The DC motor is powered and 

controlled based on the user input.   
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In order to power the DC motor, the motor requires armature voltage.  

Rearranging Equation (2.9) to solve for armature voltage, we get 

 a
a e r v

v

rV T k
k

ω
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

. (3.1) 

 

the armature resistance ar  is still equal to 8.5 Ω as listed in Table 1.  We selected the 

average mutual inductance to calculate vk  from Equation (2.8) as  

 ( )( )2.99 0.2 0.6v AF fk L I H A HA= = = . (3.2) 

The rotor speed rω  was measured through the encoder shown in Appendix A.  

The only variable remaining to satisfy Equation (3.1) is a user-defined torque required to 

output the needed armature voltage to drive the separate-winding excitation DC motor.  

The system needed to satisfy the desired output is shown in Figure 11. 

 

 

Figure 11.   Commanding torque to output torque system diagram. 

A Simulink program written to reflect the desired system shown from Figure 11 is 

shown in Figure 12. 
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Figure 12.   Simulink program for torque input and voltage controlled DC motor. 

In Figure 12, the user-defined torque value goes from the torque node, on 

chipscope interface, to the product of a vr k and is summed with the product of vk  and the 

measured rotor speed from the encoder.  This voltage is sent through a gain and then 

modulated through a user defined duty cycle before being sent to the analog-to-digital 

signal block to be sent to the DC motor. 

The equipment that was used and the setup were the same as in Chapter II from 

Figures 6 and 7.  In Figure 13, the Xilinx Chipscope Pro Analyzer, Graphical User 

Interface (GUI) was used to active the DC motor and the user defined torque input.  The 

torque input is in units of pounds-force inches, and the input units require a modified 

hexadecimal entry using the datasheet listed in Appendix D.  Rotor speed measurement 

and DC voltage measurement from the power supply are also shown Figure 13 using 

regular hexadecimal values. 



 26

 

Figure 13.   Xilinx chipscope pro analyzer graphical user interface.  

3. Voltage Control of DC Motor Test Results 

A torque meter was again not available so the output torque was calculated from 

Equation (2.2) using measured armature current ai .  Equation (3.1) was used to calculate 

armature voltage.  The results for the commanded torque, voltage controlled test are 

shown in Table 5.   

Table 5.   Measured and calculated values for voltage control test. 

Commanded Measured Calculated 
( )eT lbf in⋅  ( )LT lbf in⋅ ( )r rpmω ( )aV V ( )aI A  ( )aV V ( )eT lbf in⋅  

4 1.3 1500 93.2 0.574 100 3.05 
4 1.6 1400 87.8 0.607 94.4 3.22 
4 2.4 1000 63.6 0.792 69.2 4.20 
8 2.8 1700 103 0.874 120 4.64 
8 3.8 1400 85.3 1.02 101 5.41 

12 5.5 1500 98.6 1.37 113 7.27 
12 7 1300 80.5 1.71 101 9.08 
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4. Summary of Results 

For this test, sustained output torque could not be achieved.  From Table 5, it was 

observed again that adding load torque causes the rotor speed to decrease.  As rotor speed 

was decreased, the armature voltage was decreased.  As the armature voltage was 

decreased, the armature current was increased, and from the torque Equation (2.2), the 

output torque was increased.  This is an unstable system since the calculated output 

torque can vary from load changes.  For this system to work, constant rotor speed is 

required.  The program does not account for load torque affecting rotor speed.  In order 

for this system to work, the rotor speed has to be held steady.  In the next section, 

commanding torque by closing the controlled loop of the armature current and not using 

measured rotor speed as a factor in applied power to the DC motor. 

C. COMMANDED TORQUE BY CONTROLLING ARMATURE CURRENT 

1. Overview 

In this section, the torque of the separate-winding excitation DC motor is operated 

by controlling the armature current.  This theory is then built into the Simulink program 

and tested on the DC motor.   

2. Controlling Armature Current Testing 

For this test, we used the theory discussed earlier in relation to Equation (2.2) to 

output desired torque by controlling the armature current though our Simulink Model.   

Rearranging Equation (2.2) to solve for armature current, we get 

 e e
a

AF f v

T Ti
L i k

= =
⋅

. (3.3) 

If the user-defined commanded torque was divided by the known constant vk  the 

output value is the armature current needed to operate the DC motor at the desired torque.  

The constant vk used is the same as calculated for Equation (3.2).  The armature current 

was controlled by a Proportional-Integral (PI) controller to modulate commanded current 
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with measured current to close the loop on the current to the DC motor.  If the armature 

current is constant through any load and rotor changes, the output torque will remain 

constant. 

The equipment that was used and the setup was the same as in Chapter II from 

Figures 6 and 7.  The Simulink model from Figure 12 was altered to command torque by 

controlling the armature current as shown in Figure 14.  The GUI that was used was the 

same as in the last section shown, in Figure 13, and used the same hexadecimal datasheet 

from Appendix D. 

 

Figure 14.   Simulink program for torque input and current controlled DC motor. 
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3. Current Control of DC Motor Test Results 

The electro-dynamometer is still assumed as not a reliable way to measure output 

torque.  Again with no torque meter available, the output torque was again calculated 

from Equation (2.2) using the measured armature current ai .  The results for commanding 

torque by controlling the armature current test are shown in Table 6. 

Table 6.   Measured and calculated values for current control test. 

Commanded Measured Calculated 
( )eT lbf in⋅  ( )LT lbf in⋅  ( )r rpmω ( )aV V ( )aI A  ( )eT lbf in⋅  

Notes 

4 1.3 1900 110 0.55 2.92087 See Figure 15
4 1.6 1000 55.2 0.56 2.97398  
4 1.6 1500 85.9 0.55 2.92087 See Figure 16
8 6 1500 98.5 1.43 7.59426 See Figure 17
8 6 100 5.95 1.44 7.64737  
8 6 1300 82.1 1.41 7.48805 See Figure 18
8 6 1800 120 1.43 7.59426  
12 10.5 100 13.1 2.29 12.1614  
12 10 200 17.4 2.3 12.2146  

 

A few examples of oscilloscope measurements of the armature voltage and 

currents are shown in Figures 15–18.  The top waveform in each figure shows the 

armature voltage, and the bottom waveform shows the armature current.   



 30

 

Figure 15.   Armature voltage and current at 4 lbf-in commanded and 1900 rpm. 

 

 
 

Figure 16.   Armature voltage and current at 4 lbf-in commanded and 1500 rpm. 
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Figure 17.   Armature voltage and current at 8 lbf-in commanded and 1500 rpm. 

 
 

Figure 18.   Armature voltage and current at 8 lbf-in commanded and 1300 rpm. 
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4. Summary of Results 

From Table 7, we can see that torque stayed constant because the armature current 

stays constant regardless of the load or rotor speed.  When comparing Figure 15 to Figure 

16 and Figure 17 to Figure 18, we can see that the armature current stayed constant at 

different rotor speeds.  As more load torque is applied, the rotor speed and the armature 

voltage decreased, but the armature current stayed constant at the user commanded torque 

input value.   

D. CHAPTER SUMMARY 

In this chapter, two attempts at commanding torque through a Graphical User 

Interface (GUI) were completed.  For the first attempt, the DC motor was controlled by 

changing armature voltage to control the electric torque.  This achieved an output torque 

to the motor but varied because the calculation relied upon a rotor speed measurement 

feedback that varied as load on the motor changed.  The varying rotor speed caused the 

applied armature voltage and currents to change, which varied the electric torque output.  

Finally, the DC motor torque was commanded by controlling the armature current 

independent of rotor speed.  This allowed for a successful user commanded torque to 

output torque regardless of the rotor speed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 33

IV. CONCLUSIONS AND FUTURE RESEARCH 

A. CONCLUSIONS 

In summary, a program that commands torque to a separate-winding excitation 

DC motor was created, simulated, and tested using standard engineering principles and 

theory.  The program was designed around the theory of separate-winding excitation DC 

motor operation.  A test was conducted that validated how the separate-winding 

excitation DC motor operates, and then the torque commanding program was built to 

output the correct desired torque to the DC motor.  The final experimental results showed 

that the system responded according to theory.  

With this baseline way to command torque to a DC motor, the Naval Postgraduate 

School can now apply this concept to command torque to drive other systems such as the 

DFIG control system [5] or other laboratory research and future work.  A profile of 

behavior of torque versus rotor speed at a given armature voltage for the Labvolt DC 

motors is also provided.  The future research on this topic will be above and beyond 

current publications and will have an enabled freedom to exploit the abilities of the DC 

motor. 

B. FUTURE RESEARCH 

The DC motor can be profiled and programmed for shunt-connected, series-

connected, or compound-connected operation.  The theory can be studied to profile how 

the Labvolt DC motor behaves under different operating conditions.  The output torque 

can be commanded in the same manor discussed in this thesis. 

Secondly, the commanded torque program can be tested on the DFIG system [5] 

to test at fixed steady-state defined torque from the DC motor.  This should be completed 

to further validate that torque can be commanded to another system other than a 

dynamometer. 
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Third, a Matlab/Simulink programming can be written output random 

commanded torque from the DC motor.  A program written for random torque can be 

used to simulate random wind input to a DFIG system from [5] or other laboratory 

research.   
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APPENDIX A: DATASHEETS 
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APPENDIX B: MATLAB M-FILES 

A. MATLAB INITIAL CONDITIONS FILE   

Derges_ic.m 
open_loop=0 ;       %Set to one for open loop operation else set to 
zero for closed loop voltage regulation 
Kp_i=.06*2;   %current PI gain is amplified to account for the SV 
modulation scaling 
Ki_i=1*3;    %Current control loop gain 
Kp_v=.2;  
Ki_v=1.5;   
f_clock=24e6; 
sw_freq=15000; 
sw_counter=round(f_clock/sw_freq-mod(f_clock/sw_freq,10));  %Counter 
for sawtooth for switching modulo 10 used so step_ct can be 10 
Vdc=48; 
oversample=4;  %1 4 work 
fin=100; 
Kv=0.6; 
ra=8.5; 
  
  
%step_ct=10; 
step_ct=1; 
tstep = step_ct/f_clock; 
F_mat = [0 0 0 1;1 1 2 0;2 2 3 0;3 3 0 0]; 
O_mat = F_mat; 
  
%%%%%%%%%%%%%%%%%%Encoder Speed 
Vector%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Index1=[1:2^12]; 
reciprocal1=2^-6./Index1; 
         
%%%%%%%%%%%%%%%%%%Encoder 
Vector%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
output_vec1=[0;... 
            0;... 
            2;...%Motor is turning in the CCW falling edge 
            1;...%Motor is turning in the CW falling edge 
            1;...%Motor is turning in the CW rising edge 
            2;...%Motor is turning in the CCW rising edge 
            0;... 
            0];     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%         
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B. MATLAB FILE USED FOR RAMP IN  

ramp2mod.m 
function z = ramp2(x) 
gain=xfix({xlSigned,20,19},1/1602) 
z=xfix({xlSigned,14,13},x*gain); 
 

C. MATLAB M-FILES FOR CHIPSCOPE INTERFACE 

Black_box_dc_machine2_config.m 
 
function code_config(this_block) 
  
  % Revision History: 
  % 
  %   01-Nov-2010  (11:34 hours): 
  %     Original code was machine generated by Xilinx's System 
Generator after parsing 
  %     C:\Derges\black_box_wspeed.vhd 
  % 
  % 
  
  this_block.setTopLevelLanguage('VHDL'); 
  
  this_block.setEntityName('code'); 
  
  % System Generator has to assume that your entity  has a 
combinational feed through;  
  %   if it  doesn't, then comment out the following line: 
  this_block.tagAsCombinational; 
  
  this_block.addSimulinkInport('ind'); 
  this_block.addSimulinkInport('speedin'); 
  this_block.addSimulinkInport('dcvolts'); 
  this_block.addSimulinkInport('ila_clock'); 
  this_block.addSimulinkInport('ind2'); 
  
  this_block.addSimulinkOutport('outd'); 
  this_block.addSimulinkOutport('open_loop'); 
  this_block.addSimulinkOutport('torque_lbf_in'); 
  this_block.addSimulinkOutport('load_duty'); 
  
  outd_port = this_block.port('outd'); 
  outd_port.setType('UFix_1_0'); 
  open_loop_port = this_block.port('open_loop'); 
  open_loop_port.setType('UFix_1_0'); 
  torque_lbf_in_port = this_block.port('torque_lbf_in'); 
  torque_lbf_in_port.setType('UFix_8_0'); 
  load_duty_port = this_block.port('load_duty'); 
  load_duty_port.setType('UFix_8_0'); 
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  % ----------------------------- 
  if (this_block.inputTypesKnown) 
    % do input type checking, dynamic output type and generic setup in 
this code block. 
  
    if (this_block.port('ind').width ~= 1); 
      this_block.setError('Input data type for port "ind" must have 
width=1.'); 
    end 
  
    if (this_block.port('speedin').width ~= 12); 
      this_block.setError('Input data type for port "speedin" must have 
width=12.'); 
    end 
  
    if (this_block.port('dcvolts').width ~= 8); 
      this_block.setError('Input data type for port "dcvolts" must have 
width=8.'); 
    end 
  
    if (this_block.port('ila_clock').width ~= 1); 
      this_block.setError('Input data type for port "ila_clock" must 
have width=1.'); 
    end 
  
    this_block.port('ila_clock').useHDLVector(false); 
  
    if (this_block.port('ind2').width ~= 48); 
      this_block.setError('Input data type for port "ind2" must have 
width=48.'); 
    end 
  
  end  % if(inputTypesKnown) 
  % ----------------------------- 
  
  % ----------------------------- 
   if (this_block.inputRatesKnown) 
     setup_as_single_rate(this_block,'clk','ce') 
   end  % if(inputRatesKnown) 
  % ----------------------------- 
  
    % (!) Set the inout port rate to be the same as the first input  
    %     rate. Change the following code if this is untrue. 
    uniqueInputRates = unique(this_block.getInputRates); 
  
  
  % Add addtional source files as needed. 
  %  |------------- 
  %  | Add files in the order in which they should be compiled. 
  %  | If two files "a.vhd" and "b.vhd" contain the entities 
  %  | entity_a and entity_b, and entity_a contains a 
  %  | component of type entity_b, the correct sequence of 
  %  | addFile() calls would be: 
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  %  |    this_block.addFile('b.vhd'); 
  %  |    this_block.addFile('a.vhd'); 
  %  |------------- 
  
  %    this_block.addFile(''); 
  %    this_block.addFile(''); 
  this_block.addFile('black_box_wspeed.vhd'); 
  
return; 
  
  
% ------------------------------------------------------------ 
  
function setup_as_single_rate(block,clkname,cename)  
  inputRates = block.inputRates;  
  uniqueInputRates = unique(inputRates);  
  if (length(uniqueInputRates)==1 & uniqueInputRates(1)==Inf)  
    block.addError('The inputs to this block cannot all be constant.');  
    return;  
  end  
  if (uniqueInputRates(end) == Inf)  
     hasConstantInput = true;  
     uniqueInputRates = uniqueInputRates(1:end-1);  
  end  
  if (length(uniqueInputRates) ~= 1)  
    block.addError('The inputs to this block must run at a single 
rate.');  
    return;  
  end  
  theInputRate = uniqueInputRates(1);  
  for i = 1:block.numSimulinkOutports  
     block.outport(i).setRate(theInputRate);  
  end  
  block.addClkCEPair(clkname,cename,theInputRate);  
  return;  
  
% ------------------------------------------------------------ 
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APPENDIX C: SIMULINK/XILINX MODEL OF COMMAND 
TORQUE, CURRENT CONTROLLED DC MOTOR 

 

Figure 19.   Overall system. 
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Figure 20.   Chipscope interface. 
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Figure 21.   Current PI controller. 
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Figure 22.   Modulation. 

 

Figure 23.   Subsystem3 from modulation. 
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Figure 24.   LC output, R lead. 
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APPENDIX D: COMMANDED TORQUE HEXADECIMAL INPUT 

Torque (lbf-in)  Hexadecimal Input  Torque (lbf-in) Hexadecimal Input

0 00  6.75 1B 

0.25 01  7.0 1C 

0.5 02  7.25 1D 

0.75 03  7.5 1E 

1.0 04  7.75 1F 

1.25 05  8.0 20 

1.5 06  8.25 21 

1.75 07  8.5 22 

2.0 08  8.75 23 

2.25 09  9.0 24 

2.5 0A  9.25 25 

2.75 0B  9.5 26 

3.0 0C  9.75 27 

3.25 0D  10.0 28 

3.5 0E  10.25 29 

3.75 0F  10.5 2A 

4.0 10  10.75 2B 

4.25 11  11.0 2C 

4.5 12  11.25 2D 

4.75 13  11.5 2E 

5.0 14  11.75 2F 

5.25 15  12.0 30 

5.5 16  12.25 31 

5.75 17  12.5 32 

6.0 18  12.75 33 

6.25 19  13.0 34 

6.5 1A  13.25 35 
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Torque (lbf-in)  Hexadecimal Input  Torque (lbf-in) Hexadecimal Input
13.5 36  17.0 44 

13.75 37  17.25 45 

14.0 38  17.5 46 

14.25 39  17.75 47 

14.5 3A  18.0 48 

14.75 3B  18.25 49 

15.0 3C  18.5 4A 

15.25 3D  18.75 4B 

15.5 3E  19.0 4C 

15.75 3F  19.25 4D 

16.0 40  19.5 4E 

16.25 41  19.75 4F 

16.5 42  20.0 4G 

16.75 43    
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