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Abstract 
A radical new approach is presented to programming human-like levels of Artificial Intelligence 
(AI) into a humanoid robot equipped with a verbal-phoneme sound generator. The system shares 
3 important characteristics with human-like input data and processing: 1) The raw data and pre-
liminary processing of the raw data are human-like. 2) All the data are subjective, that is related 
and correlated with a robotic self-identity coordinate frame. 3) All the data are programmed be-
haviorally into the system. A multi-tasking Relational Robotic Controller (RRC)-Humanoid Robot, 
described and published in the peer-reviewed literature, has been specifically designed to fulfill 
those 3 characteristics. A RRC-controlled system may be behaviorally programmed to achieve 
human-like high I.Q. levels of subjective AI for the visual signals and the declarative-verbal words 
and sentences heard by the robot. A proof of concept RRC-Humanoid Robot is under development 
and present status is presented at the end of the paper. 

 
Keywords 
Human-Like Artificial Intelligence, Humanoid Robots, Thinking Machines,  
Behavioral-Programming, Experiential Programming, Behavioral Speech Processing 

 
 

1. Introduction 
The design of “thinking computers” has been a goal of the discipline of Artificial Intelligence (AI) since the ad-
vent of digital computers. In 1950, Alan Turing, arguably, the founder of AI, posed the question “when is a ma-
chine thinking?” His approach to an answer was in terms of the behavior of the machine [1] [2]. He devised an 
I.Q. “Turing test” based on the conversational behavior of the machine; and deemed any machine that passed the 
I.Q.-test to be a thinking machine [2] [3]. 
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We, in this paper, follow Alan Turing and describe a building path for a machine that can reach human-like, 
high I.Q. levels of AI, defined in terms of the behavior of the machine. But instead of programming the comput-
er (robotic controller) with AI, we first program a “robotic self” into the system, that identifies the robotic sys-
tem, and then program, experientially, all the AI that the robot gains with respect to, or into the robotic self 
coordinate frame of the system. So that it is the robotic self that develops a high IQ-level of intelligence, NOT 
the objective-mechanical digital computer system.  

We have thereby designed a system, called a Relational Robotic Controller (RRC)-system that has a subjec-
tive identity and AI-knowledge associated with that identity. It is the “robotic self”, programmed into the com-
puter that “thinks”, not the objective-mechanical digital computer. 

An overview of a behavioral programming approach to the design-development of humanoid robots has been 
described in a previous paper [4]. The auditory RRC-Humanoid Robot is a human-like robotic system, con-
trolled by a proprietary Relational Robotic Controller (RRC) [5]-[7]. 

1.1. But First, a Note about Human-Like Levels of AI 
All programmable digital computers do not have a “self identity” as a human does, which could absorb and 
convert all data into subjective knowledge, knowledge absorbed relative to the “self” of the machine. Therefore, 
the computers do not have human-like intelligence. Computers have machine-like intelligence, not human-like 
intelligence.  

Machine-like intelligence may refer to the objective knowledge programmed into all modern day computing 
devices. Human-like intelligence is obtained relative to the “self” of the machine. Human-like intelligence is 
called subjective knowledge. The following are six pre-requisites required to achieve human-like levels of AI:  

1) The human brain relates, correlates, prioritizes and remembers sensory input data. Similarly, to 
achieve human-like intelligence, relating, correlating, prioritizing and remembering input patterns must be the 
essential analysis tool of the robotic controller. The RRC, a proprietary robotic controller of MCon Inc., was 
specifically designed to emulate the operation of the human brain. It also was designed to operate with a ‘self’ 
circuit that is the central hub of intelligence for the whole robotic system. 

2) Humans have a self-location and identification coordinate frame that is trained from infancy to give the 
human brain a proprioceptive self-knowledge capability. Even a baby, with a self-knowledge capability, instinc-
tively knows the location of every surface point on its body, the location of its flailing limbs, and by extension, 
the location of every coordinate frame point in the near space defined by its flailing limbs. The fundamental de-
sign characteristic of the RRC-Humanoid Robot is a centralized hub of intelligence, a proprietary module that is 
the centralized “self location and identification” coordinate frame of the system. This module gives the RRC- 
Humanoid Robot a robotic form of proprioceptive knowledge, similar to human proprioceptive intelligence. In 
the RRC-Robot, the self-knowledge capability is the basis for all knowledge. 

3) Human intelligence is experiential intelligence. Humans learn from, and remember their experiences 
throughout their lifetime. A behaviorally programmed RRC-Humanoid Robot emulates the experiential intelli-
gence of a human. 

4) In order to achieve contextual, or “self-knowledge” of visual data, auditory data, olfactory data, gusta-
tory data, and vestibular data, all the data obtained from those human-like sensors must be related and correlated 
with the self-knowledge, self location and identification coordinate frame.  

5) Human intelligence is gained only from the human-like sensors. In this paper we consider the external 
sensors: Tactile, visual, auditory, olfactory, gustatory, and vestibular sensors. These sensors provide for the sen-
sations associated with human “feeling”, “seeing”, “hearing”, “smelling”, “tasting”, and “balancing”. The re-
cording monitors of the RRC-Humanoid Robot emulate the external sensors of humans. 

6) Human-like intelligence may be gained by a human-like RRC-Humanoid Robot. The mechanical ro-
botic body and associated sensors simulate the human body and the human sensors. The robotic body must be 
bipedal, standing and walking upright with two arms hands and five fingers per hand free to manipulate objects 
in the environment. The 6 robotic sensors should be human-like sensors designed to gain the same information 
as is gained by the human sensors.  

2. Behavioral Programming and the Development of Human-Like AI 
Behavioral programming is achieved by training the humanoid robot to control its body, limbs, and verbal-pho- 
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neme sound generator on the basis of input data from the six external sensors. It is an experiential supervised 
programming technique analogous to the autonomous learning of a human. Behavioral programming techniques 
are employed for all the sensory input signals of the humanoid robot. The most important aspects of behaviorally 
programming the auditory sensors and the verbal phoneme sound generator is described in the following sec-
tions. 

2.1. Programming a “Self Knowledge” Coordinate Frame 
The tactile input signals are used to define the central hub of intelligence, the self-nodal map/coordinate frame, 
of the humanoid robot. The behavioral programming technique employed for the self location and identification 
“self-knowledge” coordinate frame is an itch-scratch methodology, wherein the robot is fully trained and re-
members how to 1) reach and touch (scratch) all points located on the surface of the robotic body, and all points 
in the near space surrounding the robotic body; 2) to identify and locate all such points; and 3) to identify and 
locate all the “end joint” body parts (ends of fingers, elbow, knees, etc.) used to scratch all the itch points. When 
the level of training reaches the threshold of “self-knowledge”, the Self Nodal Map Module and associated Task 
Selector Module (TSM)-memory module will facilitate the robotic identification and recognition of all body 
parts, and the navigation of all movable parts of the robot towards any and every itch point located on the sur-
face of the robotic body, and all points in the near space surrounding the robotic body.  

The totality of the programmed “self location and identification” data, stored in a TSM-memory module, is 
the basis for the “self-knowledge” level of intelligence. The “self-knowledge” level of intelligence is analogous 
to the proprioceptive knowledge of a human. A RRC-Robot with a fully programmed “self-knowledge” capabil-
ity “knows”, behaviorally, the location of every surface point of the robotic body, the location of flailing limbs, 
and by extension, the location of every coordinate frame point in the near space defined by flailing limbs.  

2.2. Developing Self-Knowledge for the Visual and Auditory Sensors 
In the visual and auditory RRC-Humanoid systems, experiential intelligence is obtained by performing beha-
vioral programming on the processed raw data coming from the video-visual recording monitor and the auditory 
recording monitor. The raw data are processed in an Interface Circuit, inputted to the RRC and then behaviorally 
programmed to reach human-like levels of AI. Behavioral programming reaches the level of experiential human- 
like intelligence, when the RRC-Humanoid Robot demonstrates behaviorally that it has identified, recognized, 
visualized and comprehended in the same manner as does a human, the signals coming from the visual sensors, 
or the auditory sensors. The processing of the video-visual raw data was described in previous publications [4] 
[7]. The following sections will describe the processing of the auditory raw data in the Interface Circuit, and the 
behavioral programming of the processed data within the RRC-Humanoid Robot. On completion of behavioral 
programming, the RRC-Humanoid Robot demonstrates behaviorally human-like levels of AI for the identifica-
tion, recognition, visualization or comprehension of the processed raw data. Note: Behavioral-programming of 
the Auditory RRC-Humanoid Robot generates an operational definition of the “identification”, “recognition” 
and “comprehension” levels of AI. Any human need merely verbally ask the RRC-Robot to identify, recognize, 
comprehend, or visualize any color or 3D-object in the FOV, in order to obtain a verbal response that is indis-
tinguishable from the response of another human. 

3. The Operation of the Auditory RRC-Humanoid Robot 
3.1. Processing the Auditory Raw Data in the Interface Circuit  
The auditory raw data consist of the output of the sound receiving microphones that are sensitive to the auditory 
frequency range of zero to 20,000 cps (simulating the human ear). When a talking sound is applied to the ear- 
like receiving microphones, they generate a sequence of frequencies and amplitudes as a function of time. These 
frequencies and amplitudes may be illustrated in an amplitude-frequency-time(a-f-t)-diagram shown at the top of 
Figure 1. These (a-f-t) data are inputted to the Interface Circuit.  

The Interface Circuit stage performs the following functions: 1) It processes the a-f-t data into collective 
modalities that have been selected to be characteristic of 120 phoneme-sound combinations present in the Eng-
lish language. 2) With the aid of a spectrum analyzer, the collective modalities are tuned to the selected phoneme 
sound combinations in the English language, to musical sounds or to environmental noise. 3) It performs beha- 
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Figure 1. The magnitudes and directions of a sequence of multi-dimensional p-phoneme vec-
tors representing the word “listen”. The vector direction is shown at the bottom, whereas the 
functional vector magnitude, the a-f-t-data, is shown at the top. Sections A and B show the dif-
fering amplitude and frequency formants for different speakers.                             

 
vioral speech processing on sequential sets of phoneme sounds and identifies and recognizes these sequential 
sets as “words” or “sentences” formed by the person speaking to the microphones of the auditory recording 
monitor. (Note: behavioral speech processing starts in the Interface Circuit stage by training the Robot to “repeat 
the heard words.) The speech processing described in Section 4 includes a capability to recognize, identify and 
correct, incorrect grammatical structures. 4) Finally, the (a-f-t) data must be formatted within the Interface Cir-
cuit so that it is compatible with the RRC-Phoneme Sound Generator and the input to the RRC-Multi-dimen- 
sional Nodal Map Module [8]. 

The final output of the Interface Circuit stage, the “words and sentences”, music or environmental noise, are 
inputted to their respective multi-dimensional Nodal Map Modules of the RRC-Humanoid Robot, for behavioral 
programming.  

The operation of the RRC-circuits is described in Sections 3.2. and 3.3. The operation of the memory system 
of the RRC robot is described in Section 3.4. And Section 5 describes the behavioral programming of an RRC- 
robot that “knows” and understands what it “hears”, and demonstrates that knowledge verbally. 

3.2. The Operation of the RRC-Circuits That Perform Identification, Recognition, and  
Comprehension of Verbal-Phoneme Words and Sentences 

3.2.1. Introduction to the RRC-Robot 
The RRC-controller is made up of the array of Relational Correlation Sequencer (RCS) [5]-[7]. Control, com-
putation and data storage are performed by relating and correlating each and every input data signal (tactile, 
visual, or auditory signals) with each other; and relating and correlating each and every input data signal with 
each and every output-control signal generated by the RRC-controller.  

When the input sensory signals are related to the self-location and identification Nodal Map Module, the sen-
sory signals are said to be “internalized” to the robotic “self” of the system. When the data from the other sen-
sors is internalized the system gains a contextual form of self-location and identification knowledge for those 
other sensors. Multiple relations and correlations are required in order to achieve higher levels of AI-identifica- 
tion, AI-recognition, AI-visualization and AI-comprehension of all input data signals. It is the internalization of 
all the input data that allow the RRC-robot to identify, recognize, visualize and comprehend the input signals 
and patterns as does a human. 



A. Rosen, D. B. Rosen 
 

 
5 

3.2.2. The Operation of the RRC 
The auditory search engine is used to search the multi-dimensional auditory Nodal Map Module of the RRC- 
robot for a-f-t-sound patterns that will be recognized by the RRC as a Task Initiating Triggers (TIT). The TIT- 
patterns are used to activate any of the tasks listed in the Hierarchical Task Diagram (HTD) shown in Figure 2. 
Each of the prime level tasks, shown in Figure 2, has a programmed Task Selector Module (TSM) associated 
with it. The dominant electronic component of each TSM is a pattern recognition circuit that is programmed to 
recognize and prioritize the TIT-pattern detected by each of the TSMs as they operate on each of the input Nodal 
Map Modules. The total collective of TSMs shown in Figure 2, form the declarative memory system of the au-
ditory RRC-Humanoid Robot. The programming/training of the auditory RRC-robot is a process of training the 
pattern recognition circuits of each TSM associated with each task, to recognize, identify and prioritize input- 
signal TIT patterns that initiate the lower level tasks shown in the figure.  

3.3. The Search Engine Mode of Operation 
The operation of a multi-tasking RRC-robot has been described in the literature [5]-[7]. The following presents 
some aspects of the operation of an RRC-Robot that are applicable to the behavioral programming of the system. 
An RRC-Humanoid Robot operates by searching the environment for tactile signals or patterns, visual signals or 
patterns or auditory signals or patterns. The declarative auditory search engine, shown in the Hierarchical Task 
Diagram (HTD) of Figure 2, operates concurrently to guide the robot in the performance of the verbal tasks 
listed in the figure. The declarative auditory search engine, shown at the top of the figure, searches the sound 
environment for phoneme-based sounds consisting of words and sentences described by the a-f-t signals shown 
 

 
Figure 2. The declarative HTD: The HTD is the top-level specification of the system. This figure shows the TSMs of the 
auditory search engine. Those TSMs form a declarative memory system within the RRC.                                
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in Figure 1. The Task Selector Module (TSM), associated with each task and subtask, is shown as a black bar at 
the bottom of each task or subtask shown in Figure 2. Each TSM consists of pattern recognitions circuits that 
are programmed to activate only one TIT-task of the number of TIT-tasks that are directly below it. For example, 
the TSM of the top most Auditory search engine may generate TIT-a-f-t-words or sentence sound patterns that 
activate prime task A, or TIT-a-f-t-words that activate prime task B, or TIT-a-f-t-words that activate prime task C. 
For example, if the TSM of the auditory search engine, recognizes the a-f-t-pattern associated with the TIT- 
words “repeat the heard sound,” then the TIT-signal is transmitted to prime task A-1 for further processing. Note 
that after completion of training, if the robot is confronted with verbal phoneme sounds, but cannot recognize 
either the speaker or the words, then the signal is transmitted to prime task C-2, (the auditory confrontation 
mode). Note that TSMs are associated with each level of the HTD shown in Figure 2. Each TSM, at each level 
is activated by the TSM at a level above it. Each TSM consists of pattern recognition circuits that recognize TIT- 
words and sentences, and thereby transmit them to another TSM-level either for further processing or for activa-
tion of the verbal phoneme sound generator or robotic body or limbs. The steps for training/programming of the 
TSMs of the declarative memory system are shown in Figure 3. Note that the programmed/trained TSMs asso-
ciated with the tasks in Figure 3, form a declarative memory system within the controller that remembers the 
procedure for performing the various subtasks listed in the HTD. 

3.4. The Memory Systems within the RRC 
Learning and memory is generally classified as procedural (or reflexive) if the learning or memory involves 
motor skills, and declarative if the learning or memory involves verbal skills. In the multi-tasking visual-RRC- 
robot, procedural TITs operate in the motor-joint Nodal Map Module, and procedural memory is the basis for all 
 

 
Figure 3. Training-programming the TSMs of the declarative memory system.     



A. Rosen, D. B. Rosen 
 

 
7 

the control functions of the somatic motor system. In the Auditory RRC-Humanoid Robot declarative memory is 
the basis for all the control functions of the verbal-phoneme sound generator. Figure 2 shows the TSMs asso-
ciated with the declarative memory system. The programmed/trained TSMs shown in Figure 2, give the robot 
the capability to “remember how” to perform all the auditory sub-tasks listed in the figure. The declarative 
memory system includes a robotic capability to 1) repeat, read and write all words and sentences presented to 
the robot; 2) comprehend and identify and describe verbally all nouns, adjectives, verbs and adverbs that are 
presented to the robotic visual and tactile systems; and 3) perform robot-human conversation with comprehen-
sion.  

4. Speech Processing: Recognizing the Acoustic Sequential Set of Phoneme-Signals  
as Phonetic Words and Sentences  

4.1. The Problem 
The problem of converting the perceived acoustic spectrographic (a-f-t) properties of language, shown in Figure 1, 
into an identifiable phonetic structure is an ill posed problem, similar to the 3-dimensional inverse optics prob- 
lem [9]. There is not a simple one to one mapping between the acoustic properties of speech and the phonetic 
structure of an utterance. Co-articulation (the segmentation problem) is generally identified as the major source 
of the problem. Co-articulation gives rise to difficulty in dividing the acoustic signal into discrete “chunks” that 
correspond to individual phonetic segments. And it also gives rise to a lack of invariance in the acoustic signal 
associated with any given phonetic segment. Note: The usual methods for solving the problem includes lexical 
segmentation processing (co-articulation), word recognition processing, context effect processing, syntactic ef-
fects on lexical access processing, lexical information and sentence processing, syntactic processing, and intona-
tion-structure processing. 

4.2. The Behavioral Speech Processing Methodology for Solving the Inverse Auditory  
Problem 

Because of the complexity in the mapping between the acoustic signal and phonetic structure, an experiential, 
behavioral programming methodology was developed for “unpacking” the highly encoded, context dependent 
speech signals. “Unpacking” is performed in the Interface Circuit by programming the RRC to repeat and “re-
member” (in the TSM-memory modules) the ‘heard’ words and sentences of multiple speakers. 

4.2.1. Repetition and Babbling the Words and Sentences Taken from a 50,000 Word Lexicon (Task  
201 in Figure 3) 

The first step for training the auditory RRC-robot is the requirement for a “babbling” sequence stepper module 
and an associated TSM that is trained to accurately and quickly repeat the sound of words, strings of words, or 
sentences heard by the robot. The trained repetition and babbling sub-task A-1 TSM, activates the total vocabu-
lary of the robot. All the words or sentences spoken by the robot and activated by other prime task TSMs must 
access the sub-task A-1 TSM and form a compound TSM that does not necessarily repeat the sound but accu-
rately enunciates other words and sentences (taken from the sub-task A-1 TSM) and associated with the com-
pound TSM. Most of the design activities of the task T-201 shown in Figure 3 are aimed at achieving enuncia-
tion accuracy in the repetition and babbling sub-task A-1 TSM. In order to achieve repetition accuracy it is ne-
cessary to refine the design of the phoneme sound generator, expand the number of phoneme sounds listed in the 
120 phoneme sound combinations utilized in the preferred embodiment RRC-Humanoid Robot, and refine the 
tuning of the spectrum analyzer to the actual collective modalities present in the English language verbal input 
signal. 

4.2.2. Additional Speech Processing 
Further “unpacking” is performed by behavioral programming techniques that includes the following: First, by 
relating, correlating, associating and calibrating the heard verbal speech with the corresponding visual and tac-
tile data obtained in the visual and tactile coordinate frames in which the robot is operating. Next, by training the 
RRC-Robot to be sensitive to such factors as acoustic phonetic context, speaker’s “body language”, speaking 
rates, loudness and “emotion laden” intonations. The Auditory RRC-Humanoid Robot takes into account the 
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acoustic consequences of such variations when mapping the acoustic signal onto the phonetic structure. The 
problems of speaker’s “body language”, “emotion laden” intonations, acoustic phonetic context, speaking rates, 
and loudness is solved in the Auditory RRC by coordinating the search engines of the visual and tactile systems 
with the search engine of the Auditory RRC-Humanoid Robot.  

5. Behavioral Programming of the (Speech) Processed Words and Sentences  
Once a sequence of words or a sentence is recognized as a TIT (in the TSM) and are projected to the Multi-di- 
mensional RRC-Nodal Map Module, the RRC-Humanoid Robot is behaviorally programmed to control body 
and limbs, and the verbal phoneme sound generator in relation to the words and sentences applied to the Multi- 
dimensional Nodal Map Module. Words and sentences are identified, recognized, and comprehended by behavi-
orally programming the RRC-Robot to generate different words by the verbal phoneme sound generator or un-
dertaking distinguishing body or limb actions based on the words or sentences applied to the Multi-dimensional 
RRC-Nodal Map Module.  

5.1. The Programming of the Auditory RRC-Robot 
Programming/training the RRC-robot is a process of training the pattern recognition circuits of each TSM asso-
ciated with each prime level task and all the TSMs associated with the sub-tasks listed under the prime level task 
(see Figure 2). The pattern recognition circuits must recognize, identify and prioritize input-signal TIT patterns 
that initiate the prime level task and all the lower priority TIT-sub-tasks that are listed under the prime level task. 
The programmed TSMs associated with all the tasks in Figure 2 and Figure 3 give rise to a declarative memory 
system within the controller. Training the declarative memory system of the auditory RRC-robot is presented in 
the following sections. 

5.2. The Search Engine Access Rule for Training the Declarative TSMs 
The declarative memory system of the RRC-robot is made up of an array of TSMs with each TSM storing a 
large number of a-f-t-words phrases and sentences that represent the total vocabulary of the robot. In order to 
respond verbally with appropriate words and sentences the RRC must analyze the verbal input data, search 
through the memory TSMs, find the set of TSMs that have parts of the answer stored in them, form a compound 
TSM that has the total explicit word-answer stored in it, and activate the appropriate word answer that is stored 
in that compound TSM. The following programming rules have been devised in order to facilitate the search for 
an appropriate response to any auditory input signal. 

1) Search the input signal to determine which TSMs are likely repositories of the appropriate verbal response.  
2) Form a compound set of TSMs wherein the response may be stored. 
3) Utilize the data present in the auditory input signal and in the compound set of TSMs to home in on an ap-

propriate response. 
For example, the application of the auditory search engine access rule when the trainer-supervisor requests the 

Robot to “identify this visual image”, leads to an identification of two TSMs and a compound TSM. The two 
TSMs are most likely the visual image pattern-TIT presented to the robot (Task T-301 in the B-1 TSM), and the 
repeat this sound—verbal word or phrase that describes the presented visual image (task T-201 in the A1 TSM). 
Note that the sub-task A-1 TSM stores and properly enunciates all the nouns, adjectives, verbs and adverbs taken 
from the 50,000 word lexicon. The compound TSM is formed in the programmatic development of the access 
rule and includes the phrase “I see an―,” wherein the training selects that word or phrase from the A-1 TSM 
that describes the presented visual image. 

5.3. Behavioral Programming Procedures 
Behavioral programming procedures are performed on all the TSMs shown in Figure 2. An example of beha-
vioral programming procedure for the sub-task A-1 TSM, shown in Figure 2, will be described in the following 
subsection.  

Sub-Task A-1: TSM-Training to Repeat Phoneme-Sounds Spoken by the Trainer-Supervisor (sub-task 
T-201 Figure 3). The trained prime task A-TSM is a memory module that stores all the TITs that identify and 
properly enunciates all the words listed in the lexicon and the commonly used combinations of words, clauses 
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and sentences selected by the trainer-supervisor. All subsequent verbally generated tasks must access the TITs 
stored in the prime task-A TSM. The properly enunciated words and phrases taken from the Task A TSM are 
then associated with other TITs generated by the visual system, the tactile system, the olfactory system, the gus-
tatory system, or other word TITs generated by the auditory system. 
• Repetition and Babbling―The auditory RRC is trained to repeat via the phoneme sound generator, the words 

and sentences spoken by the trainer-supervisor. 
• The high priority TIT that shifts the robot to Sub-Task A-1 is a simultaneous visual recognition image of the 

trainer, and the command “repeat this sound” spoken by the trainer. 
• All the words and sentences repeated by the robot are taken from a 50,000 word lexicon that represents the 

total vocabulary of the robot. 
• The lexicon or vocabulary of the robotic controller consists of the set of words and sentences that the sub- 

task A-1 TSM has been trained to repeat.  
• The trained sub-task A-1 TSM is a memory system that properly enunciates all the words and sentences 

listed in the lexicon. 
• Optimization of the sub-task A-1 TSM to properly enunciate all the words and sentences listed in the lexicon 

entails 1) refining the design of the phoneme sound generator to assure that the lexical segmentation and 
timing intervals between successive phonemes are optimized. 2) Expanding the selected number of phoneme 
sounds to optimize co-articulation problems. And 3) refining the tuning of the spectrum analyzer to the actual 
collective modalities present in the English language verbal input signal. 

• The sub-task A-1 TSM memory system is always accessed by other TSMs in order to form compound TITs 
whenever verbal sounds other than the “repeat this sound” TIT are to be generated by the robot.  

• Queries that access the sub-task A-1 TSM generally relate to the verbal enunciation of the words and phrases 
stored in the A-1 TSM. Therefore, in anticipation of such questions, acceptable and not acceptable grammat-
ical structural forms of verbal enunciation should be programmed into the search engine for each word or 
phrase in the lexicon; and the specific answer to each anticipated query must be programmed into a com-
pound TSM. 

At this point the controller has performed all the speech processing that allows it to recognize and repeat, but 
not comprehend, all the phoneme constituents of words, sentences and clauses listed in the lexicon. The auditory 
RRC-monitor has thereby mapped the acoustic signal onto a linguistic representation that is amenable to declar-
ative comprehension (in prime tasks B and C). 

6. Reduction to Practice Experiments 
Reduction to practice experiments were undertaken to validate the hardware and software developments of an 
RRC-Humanoid Robot that exhibits human-like levels of AI. In order to achieve human-like levels of AI the 
RRC-robot must adhere to the six requirements listed in 1)-6) (Section 1). Since the robot is trained/programmed 
behaviorally, the total mechanical robotic body and sensors must be built and operational before training/pro- 
gramming can begin. However, it is possible to validate that the Robot meets all the requirements listed above 
by dividing the reduction to practice experiments into three sequential phases: 

Phase-1. The motorized robotic arm-wheelchair system: A motorized power wheelchair outfitted with a 
robotic arm and two human-like sensors, was fabricated and tested during the phase-1 sequence. Figure 4 pre- 
sents a photograph of the system. The mechanical robotic body and the bi-pedal legs of the RRC-Humanoid 
Robot are simulated by the motorized power wheelchair outfitted with a robotic arm and two human-like sensors. 
The sensors consist of pressure transducers distributed on the surface of the robotic wheelchair that simulate the 
human tactile sensors, and a set of video-visual cameras that simulate the human eyes. Behavioral programming 
techniques, described in phase-2, may be used to validate the performance of the system for the tactile and visu-
al sensors. 

Phase-2. Behavioral programming the phase-1 system: The training consists of programming experiential-
ly, itch-scratch-self knowledge into the system, and training the visual system to “visualize” objects in the FOV 
as does a human. All visual training is performed experientially, first by repeating the itch-scratch training to 
avoid visually observed obstacle along the itch scratch trajectory, then to identify and manipulate objects in the 
FOV of the system, and finally to drive/control the motion of the wheel chair in an urban environment. When 
the visual training/programming is completed the motorized robot will have the human-like intelligence to drive 
and navigate the wheelchair through sidewalks crowded with pedestrian traffic, and through heavy city traffic. 
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Figure 4. A photograph of the RRC-controlled motorized power wheelchair. A 4-degree of 
freedom robotic arm, mounted on the wheelchair, is shown in the photograph. The tactile 
system is represented by pressure transducers taped onto the wheelchair, with one pressure 
transducer located under each patch of tape. The visual system, presented in greater detail 
in Figure 7, is also shown mounted on the wheel chair.                                

 
Phase-3. The auditory verbal system: Phase-3 includes the addition of two pieces of hardware to the phase 

1 system. The hardware consists of pick-up microphone auditory sensors, simulating the human ears, and the 
addition of a verbal phoneme sound generator. The experiential programming/training of the system to hear and 
understand verbal speech and to converse intelligently is described in Section 5.  

The following sections present a progress report for the performance of the 3-phase reduction to practice va-
lidation experiments.  

6.1. Phase-1-Progress Report: Description of the Motorized Robotic Arm-Wheelchair  
System 

A photograph of the motorized power wheelchair outfitted with a robotic arm and 2 human-like sensors is shown 
in Figure 4. An illustrated block diagram of the proof of concept Robot is shown in Figure 5. The experimental 
RRC-Humanoid Robot consists of 1) a motorized wheel chair modified by the addition of a metallic frame used 
to carry sensors, power supplies and the RRC controller. 2) Tactile pressure transducers that cover the surface of 
the motorized wheelchair (see Figures 4-6). Those pressure transducers simulate the mechanoreceptors distri-
buted on the surface of the human skin. 3) The robotic arm is shown in Figure 6 and is shown mounted on the 
wheel chair in Figure 4 and Figure 5.  

The robotic arm is used to behaviorally program the self location and identification coordinate frame into the 
system, and to manually drive the motorized wheelchair by pushing the 2-degree of freedom joystick-controller 
of the wheelchair (see Figure 6). The wheelchair joy-stick is used to control the speed and direction of motion 
of the wheelchair. In addition, the robotic arm is programmed to control the wheelchair on-off power switch, the 
wheelchair safety brake, the wheelchair horn, and the wheelchair re-charging system. 4) The video-visual sys-
tem used to simulate the human eyes is shown in Figure 7 and is shown mounted on the wheelchair in Figure 4 
and Figure 5. 



A. Rosen, D. B. Rosen 
 

 
11 

 
Figure 5. An illustrated block diagram of the proof of concept system showing 
the coordinate frames of the tactile and visual system.                       

 

 
Figure 6. A close up view of the robotic arm used to behaviorally program 
proprioceptive knowledge into the system.                                 

 
Although the dynamics of the phase-1 system require improvements, the design is sufficiently complete that 

phase 2 behavioral programming of the tactile and visual sensors may be initiated, as described below. 

6.2. Phase-2-Progress Report: Behavioral Programming of the Tactile and Visual Sensors 
The primary reason for building the robotic-arm-wheelchair system is to validate the behavioral programming 
techniques performed with the tactile sensor data, and with the video-visual camera data. 

6.2.1. Behavioral Programming of the Tactile Sensors 
The methodology for programming a self-knowledge coordinate frame into the system is described in Section  
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Figure 7. Detailed mechanical design of the video-visual system mounted on 
the motorized power wheel chair. The figure shows the convergence mechan-
ism and correspondence matching of the system.                             

 
2.1. Behavioral programming of the tactile near-space is performed by first defining the coordinate frame in 
which the robotic limbs are controlled, and then programming the “itch-scratch” motion of the limbs in the near- 
space of the robot. Figure 5 shows the tactile near space coordinate frame of the robotic arm-wheelchair system. 
The center of the XYZ coordinate frame, at the point ( )0,0,0P , shown in Figure 5, is located at the base of the 
robotic arm and in the central region of the wheelchair. The coordinate scale size was chosen to be one centime-
ter per scale division. For reference, the location of the robotic finger is shown at point ( ), ,P X Y Z , and as-
suming a “itch” point at ( )1, 1, 1P X Y Z , the trajectory of the robotic finger, necessary to scratch the itch point, is 
shown in the figure (from ( ), ,P X Y Z  to ( )1, 1, 1P X Y Z ).  

The nodes in the coordinate frame, defined by integral values of XYZ  at the ( ), ,P X Y Z , are particularly 
important. (Examples of integral nodes are ( )0,0,0P , ( )1cm,0,0P , ( )1cm,2cm,3cmP  etc). The nodes quanti-
tatively define the near space (the spatial extent of each robotic end-joint) and the self-location and identification 
coordinate frame of the system. 

Programming the self-location and identification coordinate near space requires that the indexed location of 
each node be entered into the RRC, and the following data be stored at each indexed nodal position: 1) each 
node should include a table of 26 control vectors that may be used to transition an end-joint, such as a robotic 
finger, to one of the 26 adjacent nodal positions. (Note: The correct magnitude and direction of each control 
vector is first determined experimentally, and then refined and corrected during the training/programming 
process). 2) Each node must be programmed to detect whether an activation (itch) occurs at that point, or wheth- 
er an end-joint is located at that point, and the magnitude of the itch, or location of the end-joint. 3) If an itch- 
point is activated at any given node, that node becomes a Task Initiating Trigger (TIT), and the final position 
(q-final) of the itch-scratch” trajectory. 4) The Task Initiating Trigger (TIT) generated by the RRC forms a com- 
mand, applied to the end-joint, located at q-initial, that causes the end joint to move along the trajectory from q- 
initial to q-final. For example if the robotic finger is at ( ), ,P X Y Z , and a itch occurs at point ( )1, 1, 1P X Y Z , 
then the RRC-controller generates a sequence of control signals that propel the robotic finger from ( ), ,P X Y Z  
to ( )1, 1, 1P X Y Z , as shown in Figure 5. 

At this time only about one third of the nodes in the near space of the robotic finger have been programmed. 
However experiments were undertaken to have the robotic arm control the motion of the wheelchair by pushing 
the joystick controller. This was accomplished by conditioning the desired control signal to an “itch” signal gen-
erated by the trainer and emanating from the joystick controller. The joystick thereby becomes the “itch” point, 
the TIT-q-final for the system. When the initial position of the robotic finger, q-initial is at a fully programmed 
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nodal position, and all the nodes between the itch-point and the initial position of the robotic finger are also fully 
programmed, then the robotic finger may be controlled by the RRC to touch/push the joystick so as to propel the 
wheel chair in a direction determined by the direction of the force exerted by the robotic finger. A video of the 
controlled motion of the wheel chair by the robotic arm is available for viewing at www.mcon.org. 

6.2.2. Behavioral Programming of the Visual Sensors 
The video-visual system of the RRC-robot system has been described and published in the peer-reviewed litera-
ture [7]. Figure 7 taken from the referenced paper, shows the detailed layout of the system, whereas the mount-
ing of the visual system on the motorized robotic arm-wheelchair robot is shown in Figure 4, and Figure 5. 

Reduction to practice experiments to demonstrate behavioral programming of the visual sensors are per-
formed in 3 steps:  

Step 1. The FOV-space coordinate frame, shown as the image-pixel location frame in Figure 5, was defined 
and specified relative to the tactile-XZY coordinate frame.  

Step 2. The two 2-dimensional (2-D) images obtained from the two cameras must be processed to form a 3D- 
photometric image that is a high fidelity representation of the object in the FOV that gave rise to the two 2D- 
images. 

Note: That in our design, the image-pixels are distributed in 3-D in the tactile near-space coordinate frame. 
The image-pixels form a high fidelity representation of object size and object location, to the degree that step 1 
is accurately programmed. 

Step 3. All behavioral programming is performed based on the detection, identification, or observation of the 
characteristics of the 3-D photometric images.  

At this time only step-1 and step-2 of the 3-step process have been performed. The following is a progress 
report of the status of our reduction to practice experiments.  

Reduction to practice experiments are performed by first defining the FOV-space coordinate frame in which 
the imaged-objects are located, and then mechanically calibrating the FOV-space with the near space coordinate 
frame shown in Figure 5. Figure 5 shows the FOV coordinate frame of the video-visual system mounted on the 
motorized wheel chair system. The following experimental tasks were performed: 

1) The camera system was mechanically fabricated and mounted at the tilt angle ø (see Figure 5) so that the 
FOV of the visual system intersects a large segment of the self-location and identification coordinate frame de-
scribed in Section 6.2.1. and shown in Figure 5. 

2) The two video cameras were designed to converge at a point on the midline LOS. The point of convergence 
and the image plane associated with it is shown in Figure 5 at a distance R from the two cameras. 

3) The location of each image-pixel, shown in Figure 5, from each of the camera’s CCD-arrays, is pro-
grammed into the RWH coordinate frame shown in the figure.  

4) The object identification measurement involves identifying various patches of pixel activations as objects 
that are commonly encountered by the system. For example, other people, automobiles, curbs, stop lights, poles, 
fire hydrants, or just obstacles that may interfere with the system etc. A small number of objects have been iden-
tified in the laboratory, however the identification experiments and the visual cues depth measurements de-
scribed in 5) and 6) are awaiting completion of the tactile experiments described in Section 6.2.1. 

At this point the pixels on the image plane forms a 2D-image of objects in the FOV of the system. Note that 
only the image-pixel located at point ( ) ( ), , ,0,0P R W H P R=  is at a known correct depth. All other image- 
pixels displaced from the ( ),0,0P R  central position may be located at greater or lesser depths than their posi-
tion on the image plane.  

The following steps, aimed at generating a 3D-photometric image, describe the experimental visual cues [7] 
that were programmed into the system during phase-2 in order to determine the depth of pixels that are offset 
from the ,0,0R  position on the image plane. The binocular dispersion visual cue measurement is described in 
step 5), and the image size visual cue measurement is described in step 6). 

5) The binocular dispersion visual cue measurement: For each value of R, that defines the location of an im-
age plane and the position of the offset image-pixels on the image plane, the binocular dispersion (separation 
distance between the image pixels of the right and left camera) was measured as a function of W and a function 
of H. The dispersion as a function of R, W, and H was programmed into the system. Although at any image- 
plane distance R, the dispersion-depth of any offset pixel is not a unique nor strong function of Wor H, it is 
possible to determine that any given patch of pixels are either not greatly depth-displaced or are greatly dis-

http://www.mcon.org/
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placed from the image plane. 
6) The image size visual cue measurement: When an image-object is identified in 4) to be of known size in 

the self-space coordinate frame, the measured pixel-activated image size forms a strong function of the depth 
location of offset image-pixels. Image size measurements of a small number of identified objects have been 
performed, however the bulk of the image-size experiments are awaiting completion of the tactile experiments 
described in Section 6.2.1. 

6.3. Phase 3-Progress Report: Design-Development of the Auditory Verbal System 
The phase-3 hardware consists of a verbal-phoneme sound generator and a set of pick-up microphones feeding a 
programmable spectrum analyzer. Those systems have been designed, fabricated, but not tested. The testing 
procedure is described in Section 3.1., and requires the completion of all phase-1 and phase-2 tasks. The instal-
lation, and testing of the phase-3 hardware, and the behavioral programming of the auditory RRC-wheelchair 
system, will be described in a future follow on paper.  

7. Conclusions 
The purpose of the reduction to practice experiments was to validate the claimed visual and verbal-auditory in-
telligence levels of the RRC-Humanoid Robot. The visual intelligence level of the motorized visual wheelchair 
is validated when it demonstrates that it “sees” the environment as does a human, and is capable of using the 
robotic arm to control and navigate the robotic wheelchair system through all difficult traffic environments. 

The behavioral programming of the motorized visual wheelchair is only partially complete, however the per-
formed experiment, and the experimental results validate that the visual system of the robotic wheel chair, does 
indeed “see” the environment, as does a human. And based on that visualization it is likely that follow-on vali-
dation experiments will prove that the system may be successfully programmed to navigate through all difficult 
traffic environments, as does a human.  

The navigation of the robotic wheel chair is unique because it utilizes only a visual system that simulates the 
human eyes to navigate the robotic system. Most other systems generally utilize radar, lidar, sonar, or GPS data, 
in addition to visual camera data, to navigate driverless robotic systems. The validation experiments described in 
the previous sections prove that the human-like visual system gives the robot human-like data that the system 
internalizes (has “self-knowledge of”, or has human-like “awareness of”), and most likely, has a discrimination 
or discernment capability that equals or exceeds the discrimination capability of data generated by a combined 
radar, lidar, sonar or GPS data systems, used in other driverless motorized systems. 

The visual wheelchair system data are human-like for the following reasons (demonstrated by the validation 
experiments described in the previous sections): 

1) The data gathering equipment and methodology is humanlike: 
2) The data are imaged on two CCD-arrays that exhibit the binocular disparity of the two retinas of the human 

eye.  
3) A 3D-photometric image is formed within the controller that is a high fidelity representation of the objects 

that gave rise to the image. 
4) The image visualized by humans is a 3D-illusion formed in the brain that is a high fidelity representation of 

the objects that gave rise to that image. 
5) Therefore, by symmetry arguments, the 3D-photometric image is identical to the 3D-illusion formed in the 

brain. Thus, if a human “sees” the 3D-illusion, then the robotic system behaves as if it too “sees” the 3D-photo- 
metric image, 

The partially performed validation experiments prove that the robot detects aspects of the photometric image 
in a human-like manner with a high level of discrimination and resolution.  

Validation experiments, to be reported in a follow on paper, will attempt to prove all the high IQ-verbal intel-
ligence claims for the auditory RRC-Humanoid Robot.  
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Abstract 
The northern and northeastern parts of the Iraqi exhibit different types of gorges. Some of them 
are few kilometers in length and few hundred meters in height. The most significant gorge is the 
Gulley Ali Beg gorge in Rawandooz area; its length is about 12.1 Km, with maximum and minimum 
widths of 100 to 155 m, respectively. The water in the gorge flows in two opposite directions, from 
the north and south through two streams; they meet in the middle of the gorge, and then change 
the streams direction towards west; for few kilometers before it merges in the Greater Zab River. 
The gorge runs within very hard thickly bedded to massive carbonate rocks, which belong to Sar-
mord, Qamchuqa and Bekhme formations (Cretaceous in age). To the right of the southern en-
trance; stands Korak anticline, whereas to the left occurs Peris anticline. To the right of the north-
ern entrance; stands Handreen anticline, whereas to the left is Bradost anticline; represented by 
Balikian Mountain. The gorge is developed by continuous lateral and vertical growth of the four 
mentioned anticlines, with continuous incision of both streams, Rawandooz from the north and 
Khlaifan from the south. Both shifted their courses, continuously as indicated from the presence of 
many wind gaps in the aforementioned anticlines. 

 
Keywords 
Gorge, Lateral Propagation, Watergap, Windgap, Morphometry, Iraq 

 
 

1. Introduction 
The study area is located in Erbil Governorate, North Iraq, between Rawandooz town, in the north and Khlaifan 
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town in the south (Figure 1). It can be reached by paved roads from different directions, from Erbil in the south, 
from Ranya in the east, from Aqra in the west, and from Zibar in the north. Gulley Ali Beg gorge is one of the 
most well-known gorges in Iraq. It is located near Rawandooz town and being a famous summer resort. The 
gorge is 12.1 Km in length, whereas its width ranges from 100 to 155 m. It is formed from two large streams. The 
northern one is larger and called Rawandooz River, in which Zil Gulley stream merges before the northern en-
trance of the gorge, whereas the southern one is called Khlaifan stream, which merges in the middle of the gorge 
into the Rawandooz River, which then runs westwards to merge with the Greater Zab River, 18 Km farther on. 

Specialized studies, dealing with types of gorges in Iraq, are very rare. The following works, however, deal 
with the types of gorges, their genetic origin and reasons of their developments.  
• Al-Maamar et al. (2009) [1] conducted geomorphological study of the Greater Zab River and mentioned the 

gorge and its characteristics, without explaining its origin.  
• Sissakian and Abdul Jab’bar (2010) [2] studied assorted gorges in the northern and northeastern parts of Iraq. 

They gave different explanations for their developments, related mainly to tectonic and neotectonic move- 
ments, and some geomorphological features.  

• Sissakian (2010) [3] carried out a neotectonic study on the Darbandi Bazian gorge and revealed that the wa-
ter gap had changed to a wind gap due to a neotectonic activity in the area. 

 

 
Figure 1. Location map of the studied area.                                                 
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• Al-Mamaar et al. (2011) [4] compiled the Geomorphological maps of Erbil and Mahabad Quadrangles, at 
scale 1: 250,000, where the gorge is located. They considered the erosional cliffs surrounding the gorge.  

• Abdul Jab’bar (2012) [5] studied the development of the wind gaps and water gaps in many anticlines, 
though out of the studied area. She attributed the development of the water gaps and wind gaps to the lateral 
propagation and growth of the folds. 

• Sissakian and Abdul Jab’bar (2013) [6] studied the morphometry of the three tributaries of the Adhaim River 
and gave explanation for the developments of the water gaps and wind gaps in the involved area. 

• Sissakian (2013) [7] conducted a morphotectonic study of the Greater Zab River. He considered the Galley 
Ali Beg gorge as a unique and complex one. 

• Sissakian and Fouad (2013) [8] updated the Geological Map of Rawandooz Quadrangle at scale of 1:100,000, 
which originally was compiled from the interpretation of aerial photographs. The exposed formations and 
anticlinal axis were presented in the map. 

• Sissakian and Fouad (2013) [9] updated the Geological Map of Erbil and Mahabad Quadrangles, at scale of 
1:250,000, in which the exposed formations and the details of the structural elements are presented.  

• Al-Kubaisy and Abdul Jab’bar (2014) [10] conducted a morphotectonic study on many anticlines within the 
High Folded Zone and attributed the developments of the gorges, water gaps and wind gaps to the lateral 
propagation of the folds. 

• Sissakian et al. (2014) [11] reviewed the geomorphology of the High Folded Zone area. They concentrated 
on the lateral propagation and growth of the folds and their influence on the development of the water gaps 
and wind gaps. They also considered the Galley Ali Beg gorge as a unique and a complex gorge in its devel-
opment.  

The aim of this study is to delineate the morphometry of the Gulley Ali Beg gorge and to reveal its complex 
development, being a very rare gorge in which the water flows in two opposite sides. 

2. Materials and Methods 
To achieve the aim of this study, the following materials were used: 
• Geological maps, at scale of 1:100,000 and 1:250,000;  
• Topographical map, at scale of 1:100,000;  
• Geological reports concerning the study area; 
• Google Earth and Satellite images; 
• Google Earth and Satellite images; 
• Digital Elevation Model (DEM); 
• Relevant published articles. 

The geological and topographical maps with the Google Earth and Satellite images were used to recognize the 
morphometric details of the gorge. GIS techniques were used to measure the height, gradient and indications of 
the lateral growth of the existing anticlines, and to indicate the water gaps, wind gaps and the type of the drai-
nage system in the surroundings. Geological maps of Rawandooz at scale 1:100,000 [8] and Erbil and Mahabad 
Quadrangles at scale 1:250,000 [9] were reviewed to observe the relation between the exposed geological for-
mations, anticlines and the involved gorge. 

3. Geological Setting 
The geological setting of the studied area is reviewed based on the available data [8] [9]. 

3.1. Geomorphology 
Within the studied area only Structural-Denudational units are developed, among which are two units. Dissected 
slopes well developed in the studied area. The dip slopes of the hard rocks are dissected by valleys, which 
usually run parallel or semi parallel to the dip direction. 

Anticlinal Ridges are also well developed in the studied area, surrounding Galley Ali Beg gorge and within 
the anticlines and deeply cut valleys. The length of the ridges may reach up to few kilometers. 

Geodynamical Processes are well noticed through landslides, toppling and rock fall. Land Slides are rarely 
developed, usually along the ridges of the anticlines and/or structural ridges. Toppling is a very common phe-
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nomenon along the ridges, which are developed along the gorge and banks of the deeply cut valleys. The size of 
the toppled blocks ranges from (<0.5 - 5) m3. Rock fall phenomenon is very rare; it may be present along the 
steep slopes and high cliffs.  

Different types of weathering and erosion are acting in the studied area.  
Mechanical weathering is more active in the studied area, as indicated by the presence of large areas of very 

rough topography. However, chemical weathering is partly active; especially in some karstified limestones of dif- 
ferent formations, forming caves, like the well-known Shnider cave in Bradost Mountain, and other karst forms, 
such as Karnes in Balikian and Korak anticlines. 

The main erosional agent in the studied area is the water. Two types of erosion are developed: Gulley and Rill. 
Gulley erosion is developed along Galley Ali Beg gorge (Figure 2) and other main valleys. Rill erosion is de-
veloped on slopes along anticlinal ridges. 

3.2. Stratigraphy 
The exposed formations are reviewed briefly hereinafter, depending on the work of [8] [9] [12].  
• Sarmord Formation (Lower Cretaceous): Consists of alternations of blue marls with marly limestone, and 

of limestones and marl. The thickness is about 400 m. 
• Qamchuqa Formation (Lower Cretaceous): Consists of massive limestones and dolomites, dark grey in 

colour. The thickness ranges from (300 - 500) m. 
• Aqra-Bekhme Formation (Upper Cretaceous): Consists of well bedded limestones and dolostones, locally 

bituminous, coralline and recrystallized, very hard, light grey in colour. The thickness ranges from (100 - 315) 
m. 

• Shiranish Formation (Upper Cretaceous): Consists of thinly well bedded marly and chalky limestones, 
followed (upwards) by thin bedded or papery marl, with some marly limestone beds too. It is exposed out of 
the gorge. The thickness ranges from (200 - 500) m.  

• Tanjero Formation (Upper Cretaceous): Consists of alternation of dark green shale, claystone, sandstone 
and siltstone some conglomerates occur in the upper part and some marlylimestones in the lower part. It is 
exposed outside the gorge. The thickness ranges from (400 - 1000) m.  

 

 
Figure 2. Galley Ali Beg, a tributary of the Rawandooz River, exhibiting deep gulley erosion 
(forming the largest water gap in Iraq).                                                    
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3.3. Structural Geology 
The studied area is located within the High Folded Zone, which belongs to the Unstable Shelf of the Arabian 
Plate [13]. However, Fouad [14] considered the Unstable Shelf as the Outer Platform of the Arabian Plate. 

Many anticlines and synclines are developed with a NW-SE trend. They are from the north to the south: Bali-
kian, Zozik, Handreen, Peris and Korak. Some of the anticlines exhibit erosional ridges and steep valleys. Many 
anticlines have influenced the course of the streams, usually forming curves along their plunge areas. However, 
locally, the courses of the rivers cross the anticlines perpendicularly, due to many reasons [2]. 

3.4. Neotectonics 
The Alpine Orogeny is still active; therefore, the studied area is up warped. The amount of up warping ranges 
between (0 - 1000) m, the rate of the up warping is 0.8 cm/100years. These data are acquired from the Neotec-
tonic Map of Iraq [15]. 

4. Gulley Ali Beg Gorge 
After the text edit has been completed, the paper is ready for the template. Duplicate the template file by using 
the Save As command, and use the naming convention prescribed by your journal for the name of your paper. In 
this newly created file, highlight all of the contents and import your prepared text file. You are now ready to 
style your paper. 

4.1. Characteristics 
Gulley Ali Beg gorge is about 12.1 Km in length, whereas its width is about 100 m in the southern entrance, and 
155 m in the northern entrance. The highest point in the southern entrance is the peak of Korak Mountain, with 
height of 2128 m (a.s.l.), whereas in the northern entrance is the peak of Handreen Mountain, with height of 
2598 m (a.s.l.). The height of the southern entrance is 737 m (a.s.l.), whereas the height of the northern entrance 
is 705 m (a.s.l.). The height of the merging point of the Khlaifan stream into the Rawandooz River is 678 m 
(a.s.l.). 

4.2. Drainage System  
Gulley Ali Beg gorge consists of two streams that flow opposite to each other, being the unique gorge in Iraq 
and may be very rare in the world. The Khlaifan stream flows from the south towards northeast for about 4.25 
Km, as measured from the entrance, then merges into the Rawandooz River, which flows from the northern en-
trance towards WSW then west, and then towards southwest, for 7.85 Km, it flows northwestwards; after merg-
ing with Khlaifan stream (Figure 3). Then the Rawandooz River merges with the Greater Zab River, 19 Km 
away from the point where Khlaifan stream merges in and the former flows out of the gorge (Figure 3). 

The Khlaifan stream, before its entrance into the gorge, runs towards northwest in the trough of a syncline in 
between Hareer anticline; in the south and Korak anticline; in the north. It changes its direction towards north-
east due to the presence of the southeastern plunge of Peris anticline, and crosses the area between plunges of 
Korak and Peris anticlines and enters the gorge. 

It is worth to mention that Khlaifan stream is the only one in the north and northeastern parts of Iraq that 
flows northeastwards. This abnormal flow direction is discussed hereinafter in the “Discussion” paragraph, of 
this study. 

The Rawandooz River is a long river, its eastern reaches lie almost in the international boundaries between 
Iraq and Iran, near Haj Omran, and it also drains Hasarost and Garda Mand mountains, which is a very large 
area. Before the rivers entrance to the gorge, Zil Gulley stream merges with, which flows towards southeast in 
the trough of a syncline in between Bradost and Zozik anticlines. Therefore, the Rawandooz River crosses the 
area between the plunges of Zozik and Bradost anticlines and enters the gorge from its northern entrance. 

4.3. The Southern and Northern Entrances 
The southern entrance is controlled by the steeply dipping beds of the northwestern plunge of Korak anticline 
(2128 m) (Figure 3), which faces the eastern plunge of Peris anticline (1251 m), with a small hill, whose height  
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Figure 3. Google earth image of the studied area (facing south). Note the steep northwestern 
plunges of Handreen (H) and Korak (K) anticlines; controlling the Northern (N) and Southern 
(S) entrances of the gorge, respectively. Also note the merging of Khlaifan Stream (Kh.S) into 
the Rawandooz River (RR) at the point (K-R); almost in the middle of the gorge, and its flow 
out of the gorge. Anticlines: B = Bradost; P = Peris; and Hr = Hareer.                        

 
is 839 m. Therefore, the height difference between the right and left sides of the southern entrance is about 1291 
m. The northern entrance is controlled by the steeply dipping beds of the northwestern plunge of Handreen anti-
cline (Figure 3 and Figure 4), which faces the southeastern plunge of Bradost anticline, represented by Garwa 
Bern peak with a height of 1577 m (a.s.l.); within Balikian Mountain of Bradost Range. 

4.4. Gradients 
The gradient of the Khlaifan stream within the gorge is about 1.4:100, whereas that of the Rawandooz River is 
0.35:100. It is clear that the gradient of both streams is very low, which is not the same case with the gradients of 
the gorges escarpment influenced by fluvial erosion. The gradient of the right and left sides’ embankment in the 
southern entrance are 33.76:100 and 12.82:100, respectively, whereas those of the northern entrance are 16.46:100 
and 13.82:100, respectively (Figures 3-5). 

5. Lateral Propagation 
If a fold starts to propagate laterally and the incision rate of the river is higher than the uplift rate of the fold; a 
gorge, called “water gap”, establishes. If the incision rate of the river becomes lower than the uplift rate of the 
folds during further growth of the anticline, the river gets defeated and diverted leaving behind a dry valley 
called “wind gap” [16] [17]. Moreover, different geomorphological processes may contribute, accelerate or even 
forms water gaps and may change them to wind gaps [2]. 

Indications for Lateral Propagation 
Many anticlines in the studied area show clear indications for lateral propagation. Among them is Handreen an-
ticline, which shows many indications for lateral propagation towards northwest, these are: 1) Semi radial drai-
nage in the plunge area; 2) Asymmetric forked tributary network; and 3) Three successive wind gaps [18], and 4) 
The shifted Rawandooz River (Figure 6), which is a typical example as described by [18] (Figure 7). 

When thoroughly inspecting the course of the Rawandooz River, it can be clearly seen that the river was 
flowing almost perpendicular to Handreen anticline and it was continuously shifting northwestwards, as indi-
cated in the aforementioned four points (Figure 6). Moreover, Figure 8 clearly shows the direction of the Ra-
wandooz River before it is diverted into its present course. The river was crossing vertically not only Handreen 
anticline, but also Zozik and Tanun anticlines, respectively.  
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Figure 4. Google earth image (facing south). Note the merging of the Khlaifan stream (KhS) 
into the Rawandooz River (RR), before leaving the gorge. Also note the merging of Zil Gulley 
stream (ZS) with the Rawandooz River in the northern entrance of the gorge.                        

 

 
Figure 5. Rawandooz River crossing Gulley Ali Beg gorge. Note the steep gradient of the 
escarpment, compare the height with the width of the road and the size of the two cars, near 
the bridge.                                                                       

6. Results 
Gulley Ali Beg gorge is one of the longest and narrowest gorges in the whole Iraqi territory. The depth of the 
gorge ranges from (300 - 350) m, and from (100 - 155) m in width, carved in very hard thickly bedded and mas-
sive carbonate rocks, which belong to Sarmord, Qamchuqa and Bekhme formations. 

The water flows in the Gulley Ali Beg gorge in two opposite directions (Figure 9). From the southern 
entrance, the Khlaifan stream flows northeastwards, whereas from the northern entrance, the Rawandooz River 
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Figure 6. Google earth image (facing northeast) of Handreen anticline (Ha). Note the 
aforementioned four indications: 1 = Radial drainage; 2 = Forked drainage; 3 = Wind 
gaps; and 4 = Shifted Rawandooz River.                                            

 

 
Figure 7. Map view with contour lines of an idealized embryonic cylindrical fold with 
its theoretical tributary pattern that has grown in length for an idealized fold (after [18]).            

 

 
Figure 8. Google earth image (facing northeast) of Handreen (1), Zozik (2) and Tanun (3) 
anticlines. Note the nowadays course of the Rawandooz River (RR) crossing Tanun 
Anticline (Tn), then the older courses, which were flowing NE-SW, crossing Zozik 
anticline (Zo) and then Handreen anticline (Ha3) through successive wind gaps (Zo1, 
Zo2 and, Ha1, Ha2 and Ha3)                                                    
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Figure 9. Google earth image of the studied area and near surroundings; facing south. 
Anticlines: Z = Zozik; H = Handreen;B = Bradost; Ha = Hareer; P = Peris. Rivers: GZR = 
Greater Zab; RR = Rawandooz. Streams: KhS = Khlaifan; TS = Tanun; ZS = Zil Gulley; LS = 
Land slide area; TS 1 = Old course of Tanun stream.                                     

 
flows towards WSW, they merge together almost in the middle of the gorge, and then the Rawndooz River flows 
out of the gorge; westwards to merge in the Greater Zab River.  

7. Discussion 
Morphotectonics refers to forms and shapes that have evolved in the past or in recent times as a result of past or 
recent tectonic activity. The most vivid evidences of past tectonic activity can be assessed through drainage lines, 
in any area which are guided and controlled by physical structures over which they flow [19]. Following this 
concept and that mentioned by, the scenario of evolution of the Galley Ali Beg gorge is discussed and revealed. 
The main evidences used are the presence of water gaps and wind gaps, besides other evidence mentioned by [2] 
[18]. 

7.1. The Gulley Ali Beg Gorge 
The gorge is carved in very hard thickly bedded and massive carbonates, with length of 12.1 Km, width range of 
(100 - 155) m and depth of the escarpments range of (150 - 700) m, whereas the total depth reaches about 1300 
m. The water flows in the gorge in two opposite directions from the north and the south, by Rawandooz River 
and Khlaifan stream, respectively, forming a very rare and abnormal case. 

7.2. Rawandooz River  
The Zozik and Handreen anticlines, before their lateral growth, were plunging in the areas marked as ZRR 1 and 
RR 1, then in ZRR 2 and RR 2, respectively (Figure 10), where the Rawandooz River was originally flowing; 
following the plunge of the anticlines, whereas its present location (RR) also follows the plunge of the Korak 
anticline, but the last plunge area. Moreover, the old plunge of Zozik anticline was at the area marked as ZRR 1 
and ZZR 2 (Figure 10), where Tanun Stream crosses now the anticline from a water gap, which was abandoned 
to form a wind gap, due the lateral growth of the Zozik anticline. The stream was following the plunge in the 
area marked as TS 1 (Figure 9). However, the course of the stream is blocked by a huge landslide (Area LS in 
Figure 9) and the stream has returned to its abandoned wind gap location to flow again in its older course, 
through a water gap (TS in Figure 10). 

When inspecting thoroughly the old course of the Tanun stream, crossing Tanun anticline, which is the same 
present course (TS); as described, it is clearly seen that it runs along a straight line with the older course of Ra-
wandooz River (ZRR2 and HRR2) (Figure 10). This indicates that both Handreen and Zozik anticlines were 
laterally growing with the same rate, which is a normal case, since both lie within the same tectonic zone, the  
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Figure 10. Google earth image of the Rawandooz River (RR); crossing Zozik (Z) and Handreen 
(H) anticlines. TS = Tanun stream. Note the old courses of the Rawandooz River (ZRR 1, PR 
1, ZRR 2 and RR 2) before the growth of the anticlines; forming a wind gap, FD = Forked 
drainage; RD = Radial drainage (image facing south).                                  

 
Imbricate Zone (Fouad, 2012). Indication for the lateral growth is very clear on the plunge of Handreen anticline, 
the fork shaped drainage (FD) and radial drainage (RD), (Figure 9) and the presence of wind gaps, which are 
the same indications mentioned by Ramssey et al. (2008) for the lateral growth. 

7.3. Khlaifan Stream 
Khlaifan stream flows in the trough of the syncline between Korak and Handreen anticlines (Figure 11). The old 
course (OC) was almost parallel to the existing road and was crossing Hareer anticline around its northwestern 
plunge area (WiG). As Hareer anticline was laterally growing; the stream was pushed northwest ward, and be-
cause the incision of the stream was lower than the rate of the growth, the stream abandoned its course leaving a 
wind gap (WiG), and a new course was developed at WG. This course also was abandoned leaving another wind 
gap; the new crossing was at NC (Figure 11).  

The evidence for the aforementioned courses of Khlaifan stream is more clearly seen in Figure 12. The first 
crossing was in the location of WiG (Figure 11 and Figure 12), which represents the old plunge area of Hareer 
anticline; before its growth. After crossing Hareer anticline and the Pila Spi ridge at the point 1 (Figure 12), a 
large alluvial fan (AF) is formed; as usual. The second crossing was at WG (Figure 11 and Figure 12), and 
another alluvial fan is formed at the crossing point of the Pila Spi ridge (point 2, Figure 12). The last normal 
crossing of the stream to Hareer anticline was at NC (Figure 11 and Figure 12), which represents the present 
plunge area of the anticline. Because the stream was following the plunge, which is the normal case, and flowing 
out of the anticline at the point 3 (Figure 12), therefore, no alluvial fan is developed. This is attributed to the fact 
that the stream had no sudden gradient change, and it was not flowing out of a gorge (Figure 12). However, this 
crossing was also abandoned due to shifting of the Khlaifan stream towards north, and changing its course to-
wards the northeast. Therefore, two wind gaps are present within Hareer anticline (WiG and WiG2, Figure 12). 
Moreover, the last crossing, although was abandoned by Khlaifan stream, and returned to the second wind gap to 
cross the anticline by a small stream. The deflection point of this stream from the original one is clearly seen at 
the point DP (Figure 11). 

The Khlaifan stream had shifted its course from the crossing Hareer anticline to another course, which is in 
opposite direction, towards NNE; through Galley Ali Beg gorge (Figure 9 and Figure 11). This abnormal shift 
of the course is attributed to: 1) A normal fault along the plunge area of Korak Anticline (FE, Figure 9), with  
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Figure 11. Google earth image (facing south). Note the old and recent courses of the Khlai- 
fan stream. H = Hareer anticline; K = Korak anticline. Course of the stream; Kh S = Recent; 
OC = Old; FE = Fault escarpment. WiG = Wind gap; WG = Water gap; DP = Deflection 
point and NC = Old crossing of Khlaifan stream to Hareer anticline.                      

 

 
Figure 12. Google earth image (facing south). Hr = Hareer anticline; Ht = Hareer town; AF = 
Alluvial Fan; WiG = Wind Gap; WG = Water Gap.                                   

 
down thrown block being towards Khlaifan stream, consequently deepening the right bank of the old course of 
the stream. 2) The lateral and vertical growth of Peris anticline (PA) and syncline (PS) have already met the 
northwestern plunge of Hareer anticline, in en-echelon pattern (H-P); consequently have blocked the passage of 
Khlaifan stream (Figure 13) and formed a trough between the Korak and Peris plunges, where the former exhi-
bits high peak. 3) Most probably there was a stream running parallel to the plunge of Korak anticline, which was 
engulfed by the shifted Khlaifan stream, to be its new course, and 4) Korak anticline was growing vertically 
faster than laterally, as compared with other anticlines, such as Hareer (1423 m), Peris (1251 m), and Balikian 
(1527 m). The latter is represented by Garwa Pern peak in Balikian Mountain within Bradost Range and Zozik 
(1861 m). This is attributed to the absence of any wind and/or water gap along the anticline, besides its very high 
peak (2128 m), as compared to the others. 

7.4. Zil Gulley Stream 
The Zil Gulley stream is a main branch of the Rawandooz River; with which the stream merges at the northern 
entrance of the Gulley Ali Beg gorge (Figure 14). The Zil Gulley stream (ZS) was crossing Balikian anticline at  
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Figure 13. Google earth image (facing south). Anticlines: Hr = Hareer; K = Korak; B = 
Bradost; P = Peris; PS = Peris Syncline; FE = Fault Escarpment. Rivers: GZR = Greater Zab; 
RR = Rawandooz; Streams: KhS = Khlaifan; ZS = Zil Gulley.                            

 

 
Figure 14. Google earth image facing south. Note the old course of Zil Gulley stream. ZS = 
Zil Gulley stream; ZC1 = Old course of Zil Gulley stream; BR = Merging point of old Zil 
Gulley stream in Rawandooz River; RR = Rawandooz River; GZR = Greater Zab River; BG 
= Bekhme Gorge.                                                                

 
its plunge area at ZC1 location (Figure 14). As Bradost anticline was laterally growing, as the stream was shift-
ing southeastwards until it met the flowing Rawandooz River in the northern entrance of the gorge. The original 
crossing at ZC1 was abandoned forming a wind gap (ZC1 in Figure 14). It is still a wind gap, as seen in Figure 
14. After crossing Bradost anticline it was merging with the Rawandooz River at BR location (Figure 14). This 
is evidenced from the size of the existing wind gap, as compared with the other valleys, which flow towards the 
southwest. If this was not the case, then the existing dry valley at the location of ZC1; wouldn’t be in such size, 
with such incision ability, which has carved in Bradost anticline and even after crossing forming such deep cut 
valley (point 1, Figure 14). 

Moreover, a landslide (LS) in the northern entrance of the old crossing of Zil Gulley stream to Bradost anti-
cline had blocked the entrance (Figure 15), which contributed in abandoning the stream of its old course; leav-
ing a wind gap (WG in Figure 15). The landslide was also recognized by Sissakian and Abdul Jab’bar (2010); 
they attributed the abandoning of the gorge to the mentioned landslide. 

The parallel groves across Bradost anticline (Figure 14 and Figure 15), also indicate the continuous lateral 
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growth of Bradost anticline, which had formed all those grooves along the carapace of the anticline. Some of the 
grooves have already crossed the whole anticline, forming nearly a set of wind gaps. 

7.5. Model of the Galley Ali Beg Gorge Evolution 
The aforementioned lateral and vertical growths of Hareer, Korak, Peris, Bradost, Handreen and Zozik anticlines, 
and the related shifts in the Rawandooz River, Khlaifan stream and Zil Gulley stream, forming the wind gaps 
and water gaps, due to abandoning of the drainage to their courses, which are shown in Figures 9-15, are dem-
onstrated in Figure 16. The model is presented in three stages, which show the lateral growth of the anticlines 
and the shifting of the courses of Rawandooz River and Tanun, Khlaifan and Zil Gulley streams.  

Figure 17 shows the Landsat images of the studied area; presenting the nowadays drainage net of the Ra-
wandooz River and Tanun, Khlaifan and Ail Gulley stream. The model shown in Figure 16 and Figure 17 is the 
summary of the scenarios mentioned and discussed in this article. 

8. Conclusions 
Gulley Ali Beg gorge is developed due to lateral and vertical growth of the surrounding anticlines; Zozik, Bra-
dost, Korak, Peris and Hareer. 

The Rawandooz River, Tanun, Zil Gulley and Khlaifan streams have shifted their courses continuously, con-
sequently Gulley Ali Beg gorge was developed and incised deeply in the thickly bedded and massive carbonates, 
exhibiting a very deep gorge; attaining 700 m. 
 

 
Figure 15. Google earth image, facing south. Note the details of the old course of Zil Gulley 
stream. ZS = Zil Gulley Stream; LS = Land Slide; WG = Wind Gap; DV = Deeply cut Valley.    

 

 
Figure 16. Diagrammatic model of the suggested scenario (three stages) for the growth of the anticlines and develop- 
ment of the Gulley Ali Beg gorge (facing north).                                                           
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Figure 17. Landsat images of the studied area showing the nowadays courses of the drainage net 
(facing north).                                                                           

 
In the area, some streams shifted their courses. This was due to many lanslides that contributed in shifting the 

river courses. In addition, many alluvial fans are present, which witness the mentioned scenario for shifting of 
the Khlaifan stream course. Many wind gaps and water gaps witness the lateral growth of the anticlines. Some 
of the wind gaps have returned as water gaps, due to the blockages of the courses. 
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Abstract 
The gas-liquid-solid fluidized bed has emerged in recent years as one of the most promising de-
vices for three-phase operation. Selection and design is one of them in parameter in the perfor-
mance of three phase system. This paper focuses on volume fraction and density effect on the 
phases hold-up in a 3 phase fluidize bed column containing liquid phase with 100 cm height and 
20 cm diameter, in this case the solid phase with 0.15, 0.25, 0.35 volume fraction and density 2470, 
3000, 4000, 5000 m3 dispersion into liquid phase and the gas phase enter the column through a 
sparger of 2 cm diameter with 0.02 m/s velocities. The results show as the solid phase volume 
fraction increases from 0.02 to 0.08 m/s. The gas hold-up decreases and solid hold-up increases. 
Solid phase density increases, so solid phase hold-up decreases and gas hold-up decreases. 
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1. Introduction 
The gas-liquid-solid fluidize bed has in emerged recent years as one of the most promising devices for three 
phase operation. Such a device is of considerable industrial importance as evident from its wide application in 
chemical, petrochemical and biochemical processing [1]. In this type of reactor, gas and liquid are passed 
through a granular solid material at high enough velocities to suspend the solid in fluidized state. The solid par-
ticles in the fluidized bed are typically supported by porous plate known as distributor at the static condition. 
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The fluid is then forced through the distributor up through the solid materials at lower fluid velocities, the solid 
remain in place as the fluid passes through the voids in the material. As the fluid velocity is increased, the bed 
reaches a stage where the force of the fluid on the solids is enough to balance the weight of the solid material. 
This stage is known as incipient fluidization and the corresponding fluid velocity is called the minimum fluidi-
zation velocity. In fluidized bed reactors, the density of are much higher than the density of the liquid and par-
ticles size is normally large (above 150 µm) and volume fraction of particles varies from 0.6 (packed stage) to 
0.2 as close to dilute transport stage (Paneerselvam et al. 2009) [2]-[11]. 

Even though a large number of experimental studies have been directed towards the quantification of flow 
structure and flow regime identification for different parameters and physical properties, the complex hydrody-
namics of these reactors are not well understood due to the interaction of all the three phases simultaneously. It 
has been a very tedious task to analyze the hydrodynamic property experimental way of three phase fluidized 
bed reactor, so another advanced modeling approaches based on CFD techniques have been applied for investi-
gation of three phases for accurate design and scale up. Basically, two approaches, namely the Euler-Euler for-
mulation is based on the interpenetrating multi fluid model. And the Euler-Lagrangian approaches based on 
solving Newton Equation motion for dispersed phase are used. 

Bahary et al. (1994) have used Eulerian multi-fluid approach for three phase fluidized bed [2] [3], where gas 
phase are treated as a particulate phase having 4 mm diameter and a kinetic theory granular flow model is ap-
plied for solid phase. They have simulated both symmetric and axisymmetric model and verified the different 
model regimes in the fluidized bed by comparing with experimental data. 

Schallenberg et al. (2005) have used 3-D multi-fluid Eulerian approach for three phase bubble column. Gas- 
liquid drag coefficient based on single bubble rise modified for the effect of solid phase [4]. Extended K-ε tur-
bulence model to account for bubble-induced turbulence has been used and the interphase momentum between 
two dispersed phases include. Local gas and solid hold-up as well as liquid velocities have been validated with 
experimental data. 

Panneerselvam et al. (2009) have work in 3-D Elerian multi-fluid approach for gas-liquid-solid fluidized bed 
[5]. Kinetic theory granular flow (KTGF) model for describing the particulate phase and a K-ε based turbulence 
model for liquid phase turbulence have been used. The interphase momentum between tow dispersed phases has 
been included. Radial distributions of axial and radial solid velocities, axial and radial solid turbulent velocities, 
shear stress axial bubble velocity, axial liquid velocity and average gas hold-up and various energy flows have 
been studied. In the present work configuration of cylindrical column has been taken for studying co-current gas- 
liquid-solid fluidization with the help of commercial CFD codes as FLUENT 6.2. The main focus for analyzing 
the results is on the column with 1 m height and diameter of 0.2 m containing solid particles as glass beads with 
0.15 volume fraction dispersion into liquid phase and the gas phase entered the column through a sparger of 2 
cm diameter with various velocities. In the present study of three phase fluidized simulation, the hydrodynamic 
investigated includes phase hold up, solid phase effect and velocity profiles of all phases. 

2. Theory and Hydrodynamics 
Hydrodynamic equations used in this research are based on the following equations: 

2.1. Base Model Equation 
In the Equation (1) which is continuity equation, ρk density and εk as volume fraction of gas, liquid and solid 
phases. Thus the sum of volume fraction of three phases presents 1l v gεε ε+ + =  in the equation of (2), namely 
momentum equation, the phases volume fraction rα  are correlated to interphase movement Mαi for Np in Naviar 
stock sequation. Hence, the right quotations of the Equation (2) describe those operating forces on fluidized 
element of phase X into the control volume. The total pressure gradient, the viscosity tensions, the gravity forces 
and interphase momentum forces have been mixed in Mαi. The Equation (3) expresses the drag force among liq-
uid and gas phases which has different amounts in different Reynolds. The Equation (4) shows the drag force 
among solid and gas phases that is known as Gidaspaow [12] [13]. 
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2.2. Multiphase Models 
This research has employed the multiphase model Eulerian. The model considers the phases as come turbulence 
environments in with the possibility of each phase existing in calculating. Range will be determined by its volume 
fraction and sum of the volume fractions is equal to unity. The interphase momentum appears as a drag which is a 
function of stumbling velocity between yhe phases. In this research, liquid acts as a continual phase and gas acts as 
a diffuse phase which get into the system from the bottom of column. 

2.3. Model and the Wall Boundary Condition 
Boundary conditions on the wall occur as the boundary condition of inlet at the sparger, the boundary condition 
of outlet pressure at the top of column as well as the wall boundary condition at the walls. The model consists of 
a cylinder 20 cm in diameter and 100 cm in height. The gas flow lets in the bottom of column , passing through 
the static liquid and also the solid phase dispersed inside the liquid phase with 0.15 volume fraction, then lets out 
of the top. Air crosses over the fluidized column with various velocity. The research applies two dimensional 
simulations under condition of axis symmetry and inlet dry air. 

3. Geometry and Mesh 
The first step in CFD simulation of fluidized bed column is preprocessor, which has been done by GAMBIT 
tools, to design the problem in geometrical configuration and mesh the geometry. Before fluid flow problems 
can be solved, FLUENT needs the domain in which the flow takes place to evaluate the solution. The flow do-
mains as well as the grid generation in to the specific domain have been created in GAMBIT which is shown in 
Figure 1. 
 

 
(a)                      (b) 

Figure 1. Meshing of column (a) and sizing of column (b).    
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(a)                                                     (b) 

Figure 2. (a) Solid volume fraction changes in a column of 100 cm height and 20 cm diameter. The inlet gas velocity of 
2cm/s. The solid volume fraction increases of 0.15, 0.25, 0.35. (b) Effect of solid volume fraction changes in relation to 
solid density changes of 2470, 3000, 4000, 5000 kg/m3.                                                        

 

  
(a)                                                      (b) 

Figure 3. (a) Effect of the solid volume fraction increase on the solid hold-up. (b) Effect of solid volume fraction on the 
gas hold-up.                                                                                           

4. Discussion and Conclusions 
Figure 1 shows the bubble column containing the liquid phase and the solid particles of volume fraction 0.15 at 
t = 0 s. Gas phase enters the column through a sparger 2 cm diameter with velocity of 2 cm/s. As the determined 
times pass, the solid phase hold-up will decrease. 

Figure 2(a) looks over the changes of the solid phase hold-up and of the solid phase volume fraction in the 
fluidized bed column. It shows that the increase in the solid phase volume fraction results in the increase of the 
solid phase hold-up.  

Figure 2(b) demonstrates the effect of the solid phase volume fraction on the solid phase hold-up. The results 
represent when the solid phase volume fraction goes up, the gas phase hold-up goes down. Two graphs present 
the inverse effect of the volume fraction increase on the gas and solid phases hold-up. 

Figure 3(a) studies the solid phase hold-up changes in relation to the solid phase density. The results express 
that the solid phase hold-up decreases as the solid phase density goes up to 2470, 3000, 4000, 5000 kg/m3. 

Figure 3(b) shows that when the solid phase density increases, the gas phase hold-up goes down. 
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Abstract 
The switched reluctance motor is appreciated in variable speed drives through his simplicity of 
design, his low cost, his high reliability and high ability to regulate which allow him to compete 
with the other common types of electric drives. The mathematical modelling of switched reluc-
tance motors (SRM) allows his study in the areas of research and conception. In this paper, we 
present the developing of a methodology using the combined model of switched reluctance motor 
drive bases in standard equations of electrical machines with the field theory analysis of magnetic 
circuit. Then, the elaboration of mathematical models for switching reluctance motor (SRM) pro-
poses his application based on a similarity with series DC motor to simplify the conception of con-
trol of electrical drives systems [1] with Closed Loop Control. 

 
Keywords 
Switched Reluctance Motor, Similarity, Equivalent Parameters 

 
 

1. Introduction 
SRMs have made a place for themselves among other electric actuators due to their low production cost and 
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major robustness, both of which make them an interesting alternative for a number of industrial applications. 
Nonetheless, the SRM is a highly non-linear actuator (pronounced saturation of the magnetic circuit). 

In order to analyse or control a SRM, a model must be available, which is why researchers had to come up 
with an electromagnetic model of a SRM. No accurate analytic model as yet exists for a SRM. The best elec-
tromagnetic model is one that most closely approaches all of the SRM’s electromagnetic fields. The model must 
be extremely close to measurement data while being simple enough to be used for control purposes. A very sim-
ple model necessitating little calculation risks modelling the system’s characteristics inaccurately, while a very 
accurate model requires burdensome calculations. A model that is both simple and accurate has therefore to be 
found in order to be able to study the SRM’s behaviour. 

Mathematical modelling of switched reluctance motors (SRMs) [2] [3] is still the main way of enabling their 
study in the fields of scientific research and design. 

Creation of methods for calculation and optimisation of SRM motors’ electromechanical characteristics is one 
of the focuses in electromechanical engineering that has seen active development over recent years. The bibli- 
ography on the problem includes a considerable number of scientific articles and works that may be grouped 
into three main categories: 
• Methods based on the electric circuits concept. 
• Methods based on the magnetic fields theory. 
• Combined methods. 

This article proposes the combined method, bringing together the simplicity of electric circuit methods and 
the accuracy and polyvalence of electromagnetic field methods, which are regarded as the most perspective 
methods. In the case of switched reluctance motors, the combined method model enables static calculation of the 
electromagnetic field with use of other results obtained in the form of differential equations describing the dy-
namics of the electrical drive system. We will then go on to create mathematical models of the switched reluc- 
tance motor (SRM), proposing its application on the basis of similarities with the model for the series DC motor, 
in order to simplify the design of control systems for closed-loop electrical drives. 

2. Theoretical Approach and Synthesis 
As with all types of electric machines, an SRM’s control system is composed of equations of electrical balance 
for each of the electric machine’s stator phases, and equations for rotor movement. 

The electrical relationship of the SRM stator coil’s balance position is defined as follows:  

U iR
t

∂Ψ
= +

∂
                                      (1) 

where U  is the supply voltage. 
Generally speaking, the magnetic flow through coil k  in an electric machine with several coils is equal to: 

1,

N

k k k Jk j
j j k

L i M i
= ≠

Ψ = + ∑                                  (2) 

with: 
kL : Inductance specific to a k  phase;  

jkM : Mutual inductance between phases j  and k . 
As, with symmetrical control in full step, currents overlap slightly depending on time, the equation’s second 

term (2) may be ignored for a certain relationship between the motor’s load and the number of stator coils. In 
this case, a coil’s magnetic flow may be entirely determined by its own inductance. 

As the inductance of an SRM coil depends on rotor angle in relation to the latter ( ),s sL L iθ= , Equation (1) 
may be written as follows: 

( ) ( ),d d d,
d d d

sL ii iu Ri Ri L i i
i t t t

θθ θ ω
θ θ∂

∂∂Ψ ∂Ψ
= + + = + +

∂ ∂ ∂
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where 

( ) ( ) ( ) ( ), , d, ,     , ,     
ds

i i
L i L i

i i t
θ θ θθ θ ω∂

∂Ψ Ψ
= = =

∂
                       (5) 

Respectively designating dynamic inductance, static inductance and angular rotor speed. 
The influence of dynamic inductance will be the subject of a separate analysis and will not be taken into con- 

sideration in this article.  
The electrical relationship of the voltage at an SRM phase’s terminals in balance position may therefore be 

expressed as follows: 

( ) ( ),d,
d

L iiu iR L i i
t

θ
θ ω

θ
∂

= + +
∂

                               (6) 

Relationship (6) in its structure is identical to the relationship of a series DC motor’s armature voltage [4]. 

( )d
d

iu iR L k i
t

ω= + + Φ                                   (7) 

For the series motor, the first magnetisation curve shows that excitation flow is dependent on armature vol- 
tage. In the linear part of the curve, assuming an unsaturated magnetic circuit (before the saturation knee point), 
we can nonetheless write that a IΦ = ⋅  (with Constanta = ). Before the saturation knee point, flow is propor-
tional to current I. 

The main difference between SRM equations and those for DC motors lies in the influence of phase induc- 
tance, the excitation flow defining the CEMF and the electromagnetic torque on the rotor’s angular position. 

Consequently, it is of interest to set up the nature and parameters of the influence of phase inductance on the 
rotor’s angular position. 

3. Mathematical Model of the SRM’s Magnetic System 
Basic parameters for the SRM’s equivalent schema depend on the electric machine’s structure and geometry as 
well as on the magnetic characteristics of the materials used to construct it. These days, digital methods are ap-
plied, utilised to create simulations of the electromagnetic field. 

Simulation of the magnetic field is regarded as one of the most complex and valuable methods currently used 
in analysis of electric machines. To respond to the question, the magnetic fields theory method has been applied 
increasingly over recent years as it has a number of significant advantages over other methods, including major 
reduction in duration and volume of the preparatory work required for determination of the magnetic circuit’s 
parameters; virtual absence of limits to magnetic systems’ physical and geometrical properties; easy determi- 
nation of the characteristics of the magnetic system’s (MS) design and of the specific properties of magnetic 
materials, and consequently, more accurate analysis of the magnetic field’s distribution; and simplicity in calcu- 
lating the equivalent schema’s parameters and determining the machine’s characteristics (phases’ own and 
shared inductances, electromagnetic torque, speed, etc.) [5]. 

The finite element method (FEM) is the method most often used in digital calculation of electric machines’ 
magnetic fields. There is a wide range of software making use of the method, including Maxwell, ELCUT, 
JUMP, LOMAN, FEMM and Femlab. Given that the method requires discretisation not only of the magnetic 
environment but of the whole space, in accordance with well-defined meshing, it is clear that creation of a more 
complex meshing is required, especially for the electric machine’s air gap during modelling of its magnetic field, 
which means considerably greater complexity and volume of calculations. 

The boundary integral equation (BIE) method is often applied to resolution of field problems [6]. We have 
used it in [7] depending on the magnetic induction vector, which is conserved as a secondary dipole of the mag-
netic field. The method’s main advantages are that it restricts calculation zones to the magnetic circuit and the 
relative simplicity it provides in determining a number of important factors in the magnetic system’s makeup, 
including its non-linear anisotropy, vector hysteresis and magnetic viscosity. 

The essential goal of the proposed method is determination of the distribution of magnetisation vector J  
within a magnetic system G  created by the magnetic field of primary dipoles 0H , in other words, coils 
crossed by currents. In such a case, the field resulting at whatever point of the milieu is respectively made up of 
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primary and secondary dipoles, as follows: 

( ) ( ) ( ) ( )0 ,     JH x H x H x x E= + ∈                             (8) 

For a two-dimensional space [5]: 

( )

( ) ( ) ( ) ( )

0 2

2

1 d ,
2π

1 1ˆgrad d , d .
2π 2

y
G

J y y
G G

y r
H

r
J y r

H K x y J y J x
r

δ
τ

τ τ

×
=

= − = −

∫

∫ ∫
                   (9) 

with: 
x , y : Vector coordinates for observer points and dipole, 0r x y r r= − = × ;  
( ) ( )ˆ , ,ijK x y K x y≡ : Rank 2 symmetric tensor with its components. 

( ) 22 2πij i j ijK rα α δ= −                                  (10) 

α : Cosine of unit vector 0r  direction. 
For a linear, isotropic milieu (unsaturated magnetic system), the integral equation depending on magnetic in-

duction vector J  [6] is expressed as: 

( ) ( ) ( )
0 4 2

2
2 d

π y
G

J r r JJ x H x
r r

λλ τ
⋅ 

= + − 
 
∫                         (11) 

where ( ) ( )1 1λ µ µ= − +  and µ : The relative permeability of the ferromagnetic milieu. 
To solve two-dimensional equations, it is helpful to use the complex form of Equation (11) [8]: 

( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( )0 22 d ,     ,
π G

z J
J z z H z g z z J G z E

z
ξ

λ ξ
λ τ λ ξ

ξ
= + = − Π ∈ ∈

−
∫            (12) 

where the symbol “ ” indicates the conjugate operator. With the integral: 

( )
( )2

1 d
π G

f
J

z
ξ

ξ
τ

ξ
Π = −

−
∫                                   (13) 

and as this was indicated in [6], the following relationship is verified: 
1

0 2J J J J JB H B H H J Jµ− + = + = + = −Π                            (14) 

where 1
0B Bµ−= . On the other hand, ( )1J Hµ= − , which leads to the expression: 

02J H Jλ λ= − Π                                       (15) 

This last equation may easily be generalised in the event of a non-linear, non-homogenous anisotropic milieu, 
even with the effect of hysteresis. 

We may now introduce the new vector U B H= +  into expression (15), giving us: 

( ) ( ) ( ) [ ]0 02 2J JU z H z H B H z J U= + + = −Π                          (16) 

Integral Equation (16) depending on the “non-classical” variable magnetic field in [7] [8] is a modified mag-
neto static equation whose main advantages are limitation of the zones of secondary dipoles and its exact char-
acterisation of universal magnetic properties. Therefore, in non-linear cases, the tensor’s differential form is: 

d
d

IJ
U I

µ
λ

µ
∂

∂
∂

−
= =

+
                                    (17) 

Which shows that, even in the rectangular function ( )B H  when ( )µ = ∞ , the maximum slope of ( )J U  
does not exceed 45˚. In many cases, introduction of the new form of vector U  into the integral equation there-
fore leads to magnetisation characteristics more practical than those obtained in standard cases. Consequently, 
Equation (16), along with the modified constitutive equation ( )J U  is better employed in calculating saturated 
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systems. It may be noted that this speed is not suited to using other calculation models. 
To continue on to characterisation of ( )J U , the following relationships must be used: 

U B H= + , J B H= −  
After calculation of the magnetic induction at whatever point in the space defined by the expression: 

( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )
( )0 0 0 2

1 1 1( d
2 2 2πJ

G

J
H z H z H z H z J z J z H z J z

z
ξ

ξ
τ

ξ
 = + = − + Π = − + 

−
∫      (18) 

The generalised complex potential takes the form: 

( ) ( ) ( ) ( ) ( )
0 0

1 d
πJ

G

J
W z W z W z W z

z ξ

ξ
τ

ξ
= + = −

−∫                        (19) 

where 0W  ( )z  determines the complex potential of the magnetic field’s external dipoles. 

4. Analysis of the SRM’s Magnetic Circuit 
The combined approach’s main problem results from the need for simultaneous calculation of the variation of 
the magnetic field’s characteristics and those of the corresponding electrical circuits. Solving the problem in 
such a context greatly complicates the simulation process. 

Use of the dynamic characteristics method is regarded as one of the possibilities for achievement of the com- 
bined method enabling design of the circuit of the field mathematical model of SRM [9]. The essentials of this 
method, in the case of its application for SRM simulation, consist of establishing a connection between the stator 
coil’s inductance and the rotor’s angle of rotation ( )L θ , and its introduction into the system of differential 
equations describing the electromechanical process in switched reluctance motors [10]-[12]. 

As the simulation subject, we have used an SRM with the following performances and characteristics: 
Magnetic circuit material: 3405-quality steel; Magnetic circuit prototype: 8/6 (classic configuration); Stator 

exterior diameter: 62 mm; Stator interior diameter: 32.5 mm; Length of active steel: 36 mm; Stator base thick- 
ness: 5.8 mm; Stator height: 9 mm; Rotor tooth height: 4.5 mm; Air gap: 0.25 mm; Polar angle of stator: 18˚; 
Angle of rotor grooves: 19˚; Shaft diameter: 9 mm; Number of spires per phase: 80; Nominal power: 1.5 kW; 
Nominal rotation frequency: 1500 rev/minute; Power supply voltage: 480V; Nominal current of stator: 12.4 A; 
Active coil resistance: 3 ohms. 

On the basis of results obtained in studying the magnetic circuit, we were able to define the characteristic of 
the stators’ inductance depending on the angle of the rotor ( )L θ . The characteristic was determined under the 
value of the stator coil’s nominal current. 

In real-life conditions, inductance coil stator also depends on the value of current ( ),L L iθ=  due to the 
non-linearity of the steel’s magnetisation curve. 

Variation of phase inductance depending on the rotor’s angle of rotation may be approximated by the simple 
expression (20)—(Figure 1). 

( ) ( ) ( )0 1, cosL i L i L iθ θ= − ⋅ .                              (20) 

It is makes it easier if we operate with coherent values for inductance aL  and incoherent for uL , the posi- 
tions of the rotor poles and the stator, so: 

( ) ( ) ( ) ( )
0 1,     

2 2
a u a uL i L L i L

L i L i
+ −

= =                          (21) 

As calculation of the field shows, the value of inductance uL  does not really depend on phase current value, 
so const 0.0163 HuL = = . At the same time, the coherent value of phase aL  inductance decreases with in- 
crease in current, limited to the value of uL . 

Inductance aL  depends on current value due to saturation of the magnetic system (Figure 2) and may be 
represented by the function: 

( )a
bL i a

i c
= +

+
                                   (22) 
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Figure 1. Phase inductance depending on angle θ for a stator current series.      

 

 
Figure 2. Variation of phase inductance depending on angle θ.                

 
where 0.0163a = , 1.72b = , 14.35c = ―coefficients obtained by calculation of the magnetic field. 

Therefore, Equation (20) takes the form: 

( ) ( ) ( )( ) ( )1, cos
2 a u a uL i L i L L i Lθ θ = + − −                          (23) 

Graphing of ( ),L iθ  is shown in Figure 3. 

5. Analysis of the Consistency of the Mathematical Model of the SRM 
In order to solve this system of equations and analyse the consistency of results obtained, we created a pro- 
gramme using Lazarus, which is a multiplatform IDE (integrated development environment) developed in Ob- 
ject Pascal. To solve differential equations, we used the Runge-Kutta 4th order method (RK4) with a constant in- 
tegration speed of 0.0001 sh = . 

Figure 4 shows the variation of the rotor’s angular speed and angle of rotation at switched operating speed. 
Comparing Figure 4(a) and Figure 4(b), we may observe that the rotor’s angular balance position depends on 
the resistive torque opposed by the load of inductive character. The motor only stops when the motor torque is 
lower than the resistive torque. 

Figure 5(a) shows an SRM’s phase currents at start-up. As Figure 5(b) shows, we have determined the op- 
erational curves of SRM operating speed—i.e., the process of motor start-up and establishment of its on-load 
operation. 

On the basis of the graphs in Figure 4 and Figure 5, obtained from the results of calculations carried out by 
the SRM’s mathematical model, and considering the quality of the models’ concordance and convergence to- 
wards the basic principle of electromechanical engineering, we may conclude that the mathematical model de- 
veloped is a consistent one. 

http://fr.wikipedia.org/wiki/Object_Pascal
http://fr.wikipedia.org/wiki/Object_Pascal
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Figure 3. Approximate function of the ( ),L iθ .              
 

  
(a)                                                      (b) 

Figure 4. SRM switched operating speed. (a) Мs = 7 N∙M; (b) Мs = 21 N∙M.                                           
 

  
(a)                                                      (b) 

Figure 5. Graphs of SRM operating speeds defined by the mathematical model. (a) Phase current at beginning of start-up. 
(b) SRM start-up and running on-load.                                                                       

6. Comparison of the Electrodynamics Characteristics of SRMs with Those of  
Series DC Motors 

By using Fourier series decomposition of function ( )L θ , it should be easy to determine the form of function 
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( ) ( ) d dy Lθ θ θ=  (Figure 6). 
Comparing Equations (6) and (10), it can clearly be seen that, in the case of series motors, coefficient “k” is a 

constant value (within the limits of the linear zone of the first magnetisation curve), while for an SRM, the same 
coefficient depends on the rotor’s angular position. 

Applying the same principle, with the aim of simplifying the SRM’s model, we have replaced the variable 
( )y θ  with its average value Y  in the interval in which the SRM’s structure is repeated. 
The SRM may be controlled by varying the supply voltage as well as by varying the value of the supply volt- 

age’s commutation angles α  and β  [13]. It should, however, be borne in mind that the current in a phase 
gradually decreases to nothing, only finally ceasing activity after a few moments, at the exact time that θ β= . 

With 1β  as the angle under which current value in the phase cancels out, for the determined values of angles 
α  and 1β , the coefficient of proportionality Y  may be calculated as follows: 

( )
11 d

π
Y y

β

α

θ θ= ⋅ ∫                                    (24) 

Therefore, the average calculated at the end of an operating interval in a similar phase is equal to π  in radian 
form. 

The value of the current’s angle of extinction 1β  depends on the parameters of the SRM’s coils, the value of 
the current in a phase and, more precisely, simultaneous resolution of the SRM’s and conversion device’s equa- 
tion systems. In order to obtain concrete results, we shall assume that the time it takes for the current to extin- 
guish is a constant value, giving us the altogether logical relationship: 1 0β β β= + . 

By using the relationship of the previously obtained function ( )L θ  decomposed in Fourier series, it is easy 
to obtain the analytical relationship for a defined integral (24). After a series of transformations, we finally ob- 
tain the expression: 

( ) ( ) ( ) ( )1 1
1 2 1 1 4 1 1

2 sin sin sin sin sin 2 sin 2
π 2 2

Y b b bβ α β α
β α β α β α β α

 + −    = − ⋅ ⋅ ⋅ + ⋅ + ⋅ − + ⋅ ⋅ + ⋅ ⋅ −               
 

(25) 
where 1b , 2b , 4b  represent the coefficients of the decomposition in Fourier series. 

In the same way, it is necessary to define the average value of the supply voltage applied to a phase: 

( )
11 d

π
U u

β

α

θ θ= ⋅ ∫                                    (26) 

Knowing the law of voltage variation at a phase’s terminals, we may write: 

0

πsU U
β α β− −

=                                   (27) 

Therefore, in order to determine the parameters of a series motor equivalent to an SRM, it is necessary to 
carry out the following actions and calculations: 

1) On the basis of calculation of the magnetic field, define the data tabulation of function ( )L θ ; 
2) Present the relationship of the function obtained in the form of a decomposition in Fourier series and dis- 

tinguish the decomposition’s significant terms; 
3) For the defined values of commutation angles α  and 1β  of the supply voltage of formula (25), define 

the average value of coefficient of proportionality Y; 
4) Calculate the SRM’s operating speeds using the mathematical model suggested; 
5) Calculate the series motor’s operating speeds and assess the convergence of results obtained. 
Figure 7 presents graphs of comparative curves of speed—a) and start-up current; b) for on-load operation of 

the SRM (thin line) and equivalent series motor (thick line). 
The relative error for the models considered is around 4% - 5%. 
This error is caused by a measure of inaccuracy in determining the equivalent series motor’s coefficient of 

proportionality Y. Figure 8 shows that accurate calculation of the coefficient could result in greater concordance 
of the graphs of currents and angular speeds. 

The methodology proposed for determining parameters for the equivalent of a DC series motor for various 
engineering applications provides a sufficient degree of concordance between the dynamic characteristics of an 
SRM and a DC series motor. 
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Figure 6. ( ) ( )d dL yθ θ θ= .                              
 

 
(a)                                                     (b) 

Figure 7. Comparison of SRM and equivalent series motor operating speeds.                                        
 

   
(a)                                                     (b) 

Figure 8. SRM Operating speeds in the closed-loop cascade regulation control system with setup of critical optimum.       

7. Use of Results Obtained for Analysis and Synthesis of Cascade Regulation of  
SRM Control Systems 

With the help of known expression (28), current and speed regulator coefficients may be calculated. Taking ac-
count of technical optimum conditions, the current regulator’s transfer function equals:  

( )1
2

a e
C

C I

R T p
W

T pK Kµ

+
=                                    (28) 

where aR ―equivalent active resistance; е a aT L R= ―electromagnetic time constant; Tµ ―converter’s un- 
compensated time constant; СK ―converter’s amplification gain; IK ―coefficient of feedback in current 
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The current transfer function:  
8 1

4 8
м I

S
a S

T pT K c
W

T R K T p
µ

µ µ

+
= ⋅                                 (29) 

where мT ―the motor’s mechanical time constant; SK ―coefficient of feedback in speed; с k= Φ ― coeffi- 
cient of flow. 

In order to check the stability of the synthetized system’s control and determine the control’s quality indica- 
tors, we carry out mathematical modelling of the SRM in the closed-loop regulation system [14]. 

For resolution of this control system and analysis of the consistency of results obtained, a programme was 
developed in Object Pascal with the help of the Lazarus IDE. To solve differential equations, we used the Runge- 
Kutta 4th order method with a constant integration speed of  0.0001 sh= . 

Figure 8(а) presents the diagrams of the SRM’s current and angular speed during start-up. Figure 3(b) pre- 
sents the diagrams of current and angular speed during application of a load to the SRM.  

8. Conclusions 
Based on analysis of the SRM’s magnetic system field method and analysis of the mathematical model of the 
SRM, we have established electrodynamic similitude between the SRM and the DC motor. A method for deter- 
mining the DC motor equivalent’s parameters has been determined. Taking the classical approach to synthesis of 
the automatic regulation system, calculation of the current and speed regulators for adjusting the SRM’s coordi- 
nates has been carried out. 

Using the mathematical modelling method, it has been shown that the closed-loop synthesized cascade regu- 
lation system is stable and possesses satisfactory indicators of control quality. 
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