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ABSTRACT

A two-stage (rough and accurate) computation strategy was developed in this study in order to
accurately calculate the minimum one-sided Hausdorff distance between continuous plane curves
under a similarity transformation. In the rough computation, a mathematical programming model
based on the discretisation method was constructed to ascertain the minimum one-sided Hausdorff
distance. In addition, the linearisation method in this model was elucidated. Based on that, the
solutions were attained through a stable and efficient simplex method and 5 characteristic points
were obtained. In the accurate computation, a local iterative accurate algorithm for computing the
minimum one-sided Hausdorff distance was established after 4 similarity transformation
parameters were separated from 10 curve parameters corresponding to 5 characteristic points.
Similar results, which verify the feasibility of this algorithm, were obtained based on rough and
accurate computations in a numerical example. Moreover, a roundness error evaluation
programming model based on the minimum one-sided Hausdorff distance and relevant linear
solution methods was also developed. Furthermore, the numerical examples based on this model were
compared with those based on a conventional roundness error computation model. The results
revealed that similar computation circle centre coordinates, roundness error, and characteristic
points can be obtained based on both models. The computational efficiency can be significantly
improved via the method proposed in this study.
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comparison of computational efficiency; roundness error evaluation.
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I INTRODUCTION

Early Hausdorff distance computation is mainly applied to pattern recognition and image processing,
including the recognition of faces, fingerprints, characters, handwriting, and licence plates. However,
there has been little investigation into the computation of the Hausdorff distance relative to non-point
sets. In the conventional method, continuous geometric objects are discretised into point sets, based on
which the approximate Hausdorff distance between continuous geometric objects can be indirectly
obtained by computing the Hausdorff distance between point sets. More recently the computation of
the Hausdorff distance between continuous geometric objects has been studied owing to potential
demands in geometric modelling, computational geometry, computer graphics, and other fields. In
2008, Alt et al."! from Germany demonstrated four cases of the one-sided Hausdorff distance between
two C' continuous plane curves. Specifically, the Hausdorff distance may present at two endpoints of
two curves, with one of the two-points being the end-point of one curve, double perpendicular foot
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points, or the intersection point of the midline of one curve and another curve. Furthermore, they
provided nonlinear constraint simultaneous equations corresponding to the four cases. The Hausdorff
distance between plane curves was computed with the aid of a standard algebraic equations solver. In
the same year, Elber et al.'®! from Israel generalised these four cases of the one-sided Hausdorff
distance between two C' continuous plane curves to space curves/ curved surfaces. They obtained the
corresponding Hausdorff distance using a self-designed algebraic equations solver. In 2010, Chen et
al.3! tackled the lack of research in finding the root of nonlinear simultaneous equations in previous
studies [1-2].

They explored the geometric clipping method for calculating the Hausdorff distance between two
B-spline curves. As per their algorithm, sufficient conditions allowing the Hausdorff distance to appear
at the end of a curve were provided. The curve segmentation technique and rolling circle clipping
method were adopted to transform the Hausdorff distance computation between two curves into that of
the minimum or maximum distance between points and curves, thus improving the stability and
computational efficiency of the algorithm. In the same year, Kim et al.'¥! proposed a real-time algorithm
to accurately calculate the Hausdorff distance between two plane free-form curves. Firstly, G*
continuous double circular arcs were employed to approximate the free-form curves under given
tolerances. The arcs were subsequently subjected to distance mapping and saved to a graphics
hardware depth buffer. Finally, most of the redundant arc segments were trimmed to improve the
computational efficiency related to the Hausdorff distance. In 2011, Bai et al.!! proposed a polyline
method to obtain the Hausdorff distance between plane curves. Based on the algorithm, continuous
free-form curves were approximated with polylines under a given measurement. An incremental
algorithm was subsequently utilised to compute the one-sided Hausdorff distance between line
segments and polylines. Since two clipping strategies are used in this method, the ineffective line
segments in the final Hausdorff distance computation are clipped which significantly improves the
computational efficiency.

In terms of the computation of the minimum Hausdorff distance between geometric objects under a
certain transformation, Huttenlocher!® proposed an algorithm to compute the minimum Hausdorff
distance for one- and two-dimensional point sets. The one-dimensional algorithm of the minimum
Hausdorff distance between point sets was applied to the comparison computation of planar polygons
under an affine transformation by using the affine arc length to represent planar polygons. The
two-dimensional algorithm was used to compare digital images. Additionally, the Hausdorff distance
definition was extended to enable it to be used for the comparison between partial sets. In further
studies, Huttenlocher'” improved the minimum Hausdorff distance algorithm under a translation
transformation between point sets and line segment sets by using a Voronoi diagram. According to two
given polygons, Alt'® proposed that the Hausdorff distance between two polygons can be minimised by
the rigid transformation of one of the polygons, and therefore the approximate matching between
polygons can be realised. Chew et al.!¥ investigated the computational complexity of the minimum
Hausdorff distance algorithm between geometric objects under a rigid transformation for planar line
segments that are composed of point sets and polygon sets that are composed of point sets. Hur et al.[**!
adopted the conic section represented by a quadratic rational Bezier curve to perform the best uniform
approximation (BUA) for the convolution curve of two plane curves. The objective was to minimise the
Hausdorff distance between the conic section and the convolution curve. Because the weight factor of
the rational Bezier curve was the only optimisation variable in the approximation curve in the model,
the study revealed that there were two characteristic points on the approximation curve, and both the
distance between them and the convolution curve were the Hausdorff distance, and the derivative signs
of the two distances with respect to the weight factor were opposite. This constituted the necessary and
sufficient conditions for minimising the Hausdorff distance between two curves. An iterative algorithm
was also formulated for computing the BUA based on the necessary and sufficient conditions.
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To ensure equal precision and computational efficiency, Gu et al..'! proposed a rough and accurate
staged matching method between plane curves under an affine transformation. Liang et al."*! designed
a matching method between plane curves using their projection along any direction based on a weak
perspective projection model. Gruen et al.l'8! established a similarity transformation model consisting
of seven parameters between curved surfaces as per the least squares principle. In addition, they
considered the matching method between curved surfaces and applied it to the automatic mosaic of 3D
point cloud data. Rodriguez et al.'! analysed the similarity computation between 3D curves through
the string edit distance method. Yamany et al.l's) formulated a surface registration method based on a
genetic algorithm. Cao et al.t® transformed the Hausdorff distance computation between plane curves
into that of the minimum distance from points to curves. This method eliminated the drawback of
traditional methods, whereby different nonlinear simultaneous equations had to be solved separately
under four Hausdorff distance cases between plane curves. Moreover, they constructed an algorithm to
compute the one-sided Hausdorff distance between C2 continuous curves via two steps, namely rough
and accurate computations. Based on a previous study"®!, Cao et al.'” established a programming
model for the minimum one-sided Hausdorff distance between plane curves under a rigid
transformation and developed relevant solutions. Furthermore, they applied the model to line profile
error evaluation.

As suggested in relevant studies, the computation of the Hausdorff distance between continuous curves
and curved surfaces has attracted the attention of researchers in geometric modelling, computational
geometry, computer graphics, and other fields in recent years. However, it also prevents the wider
application of the Hausdorff distance in engineering. There are several issues in relevant research work.
1) A few studies have been conducted on the computation of the Hausdorff distance between free-form
curves and curved surfaces. In most cases, the Hausdorff distance was obtained by solving
simultaneous algebraic equations. Since the solution of these algebraic equations was either regarded
as a black box or obtained by a standard solver, the solutions with a reference value and geometric
significance cannot be fully provided. 2) Due to the complexity of concrete curves and curved surfaces
in engineering, research on the computation of the Hausdorff distance between continuous curves or
curved surfaces and the minimum Hausdorff distance under a certain transformation is still in its
infancy. At the same time the lack of relevant solution methods significantly hinders its extensive
application in the engineering field.

In this study, a mathematical programming model for computing the minimum one-sided Hausdorff
distance between plane curves under a similarity transformation was constructed based on a previous
study"” by supplementing the scale transformation parameters of approximation objects. A solution
strategy composed of two-stage (rough and accurate) computation was proposed for this model.
Moreover, a local iterative accurate algorithm for computing the minimum one-sided Hausdorff
distance for continuous curves was also constructed. On that basis, a roundness error evaluation
programming model, based on the minimum one-sided Hausdorff distance, was established and then
verified numerically.

. COMPUTATION OF THE MINIMUM ONE-SIDED HAUSDORFF DISTANCE BETWEEN
PLANE CURVES UNDER A SIMILARITY TRANSFORMATION

2.1 Mathematical Programming Model

It can be inferred from the definition of the one-sided Hausdorff distance that the computation of
h(A, B) involves the shortest distance from a point a on Curve A to Curve B. As per geometric error
evaluation theory and curve/curved surface approximation theory, this shortest distance is generally
called an error. When Curve B is allowed to undergo a similarity transformation, its position and scale
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are transformed. The change in the parameter of the point on Curve B corresponding to the shortest
distance from a point on Curve A to Curve B is termed parameter transformation. When the shortest
distance from Point 2 to the transformed Curve B is also transformed, it is termed error
transformation. Therefore, the computation of 4(4, B) under a similarity transformation incorporates
position, scale, parameter, and error transformations.

The representation of Curve B under a similarity transformation is subsequently discussed. The
similarity transformation of the given plane curve B includes three motions; namely translation,
rotation, and scaling. The following homogeneous coordinates can be used to represent the translation
matrix, rotation matrix, and scaling matrix, respectively, including

I 0 ¢ cos@ —sinf O s. 0 0
T(tx,ty): 0 1 t,| R(0)=|sinf cos® 0 S(sx,sy): 0 s, 0 (1)
0 0 1 0 0 1 0 0 1

where, t.,t, represents the translation coordinates along the X and Y axes; 6 represents the rotation
angle; s,.,s, represents the scaling rations in the X and Y directions; To maintain the shape of the
graph unchanged before and after scaling, equal scaling would be adopted in the following discussion,
namely S, =5, =5. These parameters /! y,9 ,$ are collectively called the similarity transformation
parameter X.

After the above three motions, the expression of Curve B can be obtained as:

scosf —ssin@ ¢ || X
B(b,x)=T(tx,ty)~S(s)~R(6)~B(b): ssin@  scos@ £, || Y
0 0 111

(2)
=(Xscosf —Yssin€ +2, )i+ (Xssin6 + Yscos +1 )j

where, X,Y denotes the coordinates of Curve B in Frame {0,ij} ; they are all functions of the curve
parameter b.

From the perspective of the BUA of curves or curved surfaces, the one-sided Hausdorff distance
between two geometric objects is the maximum deviation of the approximation object from the
approximation target. Minimising the maximum deviation under some transformation is the
optimisation objective of the BUA. The process of minimising the maximum deviation is characterised
by saddle points and can therefore be explored by saddle point programming. Under a similarity
transformation, if the scale and position parameters of the approximation object are taken as
optimisation variables and the one-sided Hausdorff distance from the approximation object to the
approximation target is minimised as the optimisation objective, the definition of the minimum
one-sided Hausdorff distance can be expressed as the following mathematical programming form:

min A
X

st. h=maxmind(A(a),B(b,x)) (3)
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The first line in Equation (3) represents the objective function of the optimisation model and # is the
characteristic parameter. The second line represents the optimisation model constraint function;

namely that the characteristic parameter /# shall be the one-sided Hausdorff distance between two
curves under a certain set of transformation parameters X. d(A(a),B(b,x))= HA(a)—B(b,x)H
represents the Euclidean distance between Point a on Curve A and Point b on Curve B under the
transformation parameter X.

The constraint function in the above model is the one-sided Hausdorff distance between two curves
under the transformation parameter X . According to the definition of the one-sided Hausdorff
distance between continuous curves in a previous study"®, it can be found that a pair of points
satisfying the one-sided Hausdorff distance is the point pair satisfying the maximisation of the
minimum distance and it also has the saddle point characteristics. Moreover, a saddle point
programming model for the Hausdorff distance computation between two curves can be established if
the curve parameters @ and b of two curves are taken as optimisation variables and the minimum
distance from a point on one curve to the other is taken as the optimisation objective. In other words,
the computation of the minimum one-sided Hausdorff distance is an optimisation in Type

minmaxmin f . To simplify the optimisation process, Curve A would be discretised to complete the
computation of the shortest distance from each discrete point on Curve A to Curve B. On that basis, the
following mathematical programming model can be constructed to obtain the solution to the minimum
one-sided Hausdorff distance:

Following the discretisation of Curve A, the programming model given by Equation (3) can be
expressed as:

min  f(y)=h
st. G(y)=d(Aa),B(b,x)-h<0  i=12,.,m

4)

where, d (A(q,),B(b,,x)) represents the shortest distance from the discrete point ¢ on Curve A to
the transformed curve B(b,x), as presented in Figure 1. This can be computed according to the
shortest distance algorithm from the point to the curve in a previous study®; b, = b,(a,) represents the
curve parameter corresponding to the minimum normal distance mapping point of the discrete point
a; on Curve B(b,x); i represents the discrete point serial numbers, and 7 represents the total

number of discrete points on Curve A. x=(t 0,s) represents a similarity transformation

t
xobyo
parameter, and y = (h,X)=(h,t,,¢,,0,5) represents the optimisation variables of the saddle point

programming model.

0

Fig. 1: Planar Curves under Similarity Transformation
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It can be revealed from Equations (2) and (3) that the optimisation model constraint function given in
Equation (4) is not a linear combination of optimisation variables, but a nonlinear optimisation which
needs to be linearised.

2.2 Linearisation Solution to the Mathematical Programming Model

It can be seen from the above optimisation model that the nonlinear part of the optimisation variable is

included in the shortest distance @, . If the shortest distance in Equation (4) is regarded as a function
of the transformation parameter X, it can be expressed as follows:

di = di (A(ai)’B(bi X)) = ”A(ai) _B(bi ’X)” =g(x) = g(tx1ty’9’ s) (5)

If the transformation parameter f,,? yae, § isregarded as a first-order small quantity, it is called a small
error. After g(X) in Equation (5) is subject to Taylor's expansion at the zero point X, = (¢, £,0-6,5 5,)"
of transformation parameters and their second-order and higher-order small quantities are omitted,
the following expression can be obtained:

og og og og
X) = o(X )+ -2 At + -2 At +-2 A0 +-2 As

X

In the equation,

2(x,) = |A(a,) ~B(b;,x) )
A(a,)-B(b,x)|-B.(b,,x

a_g:_[ (a,)-B(5,%)] B/(5,,x) CNi=-N, ®
ot, |A(a,)-B(b,,x)|
a_g:_[A(ai)_B(biax)]'B;(biax) —_N.i=_-N_ (9)
a, ||A(a,.) -B(b,, x)” - ¥
% _ [A@)-BG.O]BG.0
0 JA@)-BG.] | NG+ XD=EN, — XN, (10)
oz _ _[A@)-BG] BB o
as |A@)-BG.0)| | NXi+Ep ==X N, =EN, (11)

where, g(X,) represents the shortest distance from a point @, on Curve A to Curve B before a
similarity transformation; Af, Aty AO and As represent the first-order increment of the

transformation parameter ¢

x,ty,@,s : X,,Y, represents the coordinates of the point on Curve B;

N,,,N,, represents the coordinates of the unit normal vector at a point on Curve B; B;,B'y,Bz,,B;

represents the first-order partial derivatives of Equation (2) for the transformation parameter ¢ ,¢ ,0,s-

x2tyo
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After Equations (6) - (11) are substituted into Equation (4), the following linear programming model for
computing the minimum one-sided Hausdorff distance between plane curves can be obtained:

min  f(y)=h
st.  G(y) =6 —NyAt, = N At — (XN, =Y N )AO - (XN, +YN;)As-h<0 (12)
i=12,---,m

where, & represents the characteristic parameter, that is, the one-sided Hausdorff distance from curve

Ato curve B; 6, = g(X,) ; and m represents the number of discrete points on the actual curve.

The above optimisation model has the variable 720 . However, A0,Af At ,As are all free variables
without non-negative requirements. To achieve the solutions by the simplex linear programming
method, it can be arranged that X, = (AQ,Atx,Aty,AS)T =X, —-X, and X,,X, >0 . Then, the slack
variable ( X, >0) is introduced and the inequality constraint is transformed into an equality
constraint, finally an initial basic feasible solution can be obtained. Hence, the above linear
programming problem can be expressed in the following standard form:

min C'X
s.t. AX=b X0 (13)

where, C=(1,0,..,0)" | X =(h,X/,X],X])" represents a dimensional column vector of (m+9),
A=(I,A,,—A),~I) represents a matrix of mx(m+9)  and I represents an m-order unit matrix;
b=(5,,...5,)", I,=(..,1)", and X; represent m-dimensional column vectors, and X, X;,X,
represents a 4-dimensional column vector; The upper corner mark T represents the matrix
transposition.

NXI N}’l XINYI_Y;NXI XINX1+Y1NYI
A,=| M M M M
NX NYm XmNYm_YN XmNXm+‘YmNY

m m* " Xm m _mx4

London Journal of Engineering Research

After the above model is solved by the simplex linear programming method, the characteristic
parameter / and the similarity transformation parameter A@, Azx, Aty, As of Curve B can be obtained.
The value of the characteristic parameter can be considered as the minimum one-sided Hausdorff
distance from curve A to curve B.

To reduce any error caused by the linear geometric model, curve B can be rotated, translated, and
scaled, using the computation result of AQ,Atx,Aty,AS . The transformed curve can be regarded as a
new curve and the above process can be repeated until the absolute value of the transformation
parameters obtained from the computation of Equation (12) is less than the given precision.
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Under the similarity transformation, one of the two curves (e.g., Curve B) can usually be translated,
rotated, and scaled, so there are four degrees of freedom in Curve B. Therefore, when /#(4,B) reaches
its minimum, the equidistant line of Curve B has at least 5 points of tangency to Curve A, as shown in
Figure 2. Under this condition, due to the continuous changes in the Curve B scale parameter § , when
h(A,B) reaches the minimum, both the symmetric equidistant curves B, and B, of Curve B have
points of tangency to Curve A. In other words, Curve A is bidirectionally enclosed by the inner and
outer equidistant lines of Curve B and the maximum and minimum normal errors of Curve A relative to
Curve B are equal in value and opposite in sign. The distribution ratio of the tangency points for the
inner and outer equidistant curves B, and B, to Curve A can be 1:4 (4:1) or 2:3 (3:2).

Fig. 2 Minimum one-sided HD from curve A to curve B where curve A is fixed and curve B subjects to
the similarity transformation

2.3 Precise [terative Model

The mathematical programming model in the previous section can be utilised to compute the minimum
one-sided Hausdorff distance from discretised curve A to curve B. When the curve is originally
provided in the form of discrete points, for example, when the curve is a data point obtained by
measurement or the computational precision is not high, this method can meet the relevant
requirements. However, when Curves A and B are presented as continuous curves, in order to obtain
the precise minimum one-sided Hausdorff distance between both curves, it is necessary to conduct
local iterative optimisations based on the previous section. Finally, the precise minimum one-sided
Hausdorff distance from curve A to curve B can be obtained.

The approximate solution which satisfies the optimal condition can be obtained via the algorithm in the
previous section. There are 5 characteristic points on discretised Curve A which are optimally arranged
with the inner and outer equidistant lines of Curve B. It is necessary to construct a local iterative
optimisation model, so that the parameters of Curves A and B, corresponding to 5 equivalent
characteristic points, can meet the requirements of the one-sided Hausdorff distance.

As the local optimisation model contains 4 similarity transformation parameters and 10 curve
parameters corresponding to 5 characteristic points, with a total of 14 optimisation variables, it can be
considered a complex nonlinear problem. If these parameters can be solved together iteratively, the
solution process is prone to oscillation, which may induce convergence failure in the computation. To
reduce the computational difficulty and ensure computational stability, the precise iterative model is
iteratively solved using two steps (similarity transformation parameters and curve parameters).
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2.3.1 Similarity Transformation Parameter Iterative Solution

There are 5 initial points P,(i=1,...,5) on Curve A and the mapping points Q,(i=1,...,5) with the
shortest distance of P, on Curve B can be obtained by the algorithm of the shortest distance from
points to curves. After the position of Point P, is fixed, the distance between corresponding |P,Q,|
can be equalised by changing the position, direction, and scale of Curve B. Therefore, the conditional
expression can be provided:

HP1Q1 H = ”PzQz H

”PzQz” =|PQ;

P.0.[= [P, W
”P4Q4H - ||P5Q5 ”

where, the position of Point Q); is related to the similarity transformation parameter of Curve B and
its curve parameter b . Since Point Q; is the normal mapping point with the shortest distance of P,
on Curve B, its curve parameter is not independent, so b=5b(a). Hence, Equation (14) can be
expressed as:

fi(t,,1,,0,5)=0
fo(tst,,0,5) =0
f(t,51,,0,5) =0
filtt,,0,5)=0

(15)

After Equation (15) is subject to Taylor's expansion near the initial point and the small quantity above
the second order is omitted, the following expression can be obtained:

ot A+ fEAL + foAO + fiAs =0
Joo AL+ AL+ A0+ £ As =0
Jao + LA+ [ AL+ f,AD + fLAs =0
Jao T ILAL+ fLAL + fl,AO + fiAs =0

(16)

where, f,(i=1,2,3,4) represents the function value of Function f(f,,,,0,5) at the initial point;
f,;,f,y',f,é,f,; represents the first-order partial derivative of Function fi(tx,ty,(?,s) with respect to

txatyaea § , respectively. Equation (16) can be represented in a matrix form and the following expression
can be obtained:

fl; .fl; flle f1: Atx —J1o
L fy fo B || A || =S
B Fy fa L[ A6 | =f
f;l'x f4’y f4,9 .ﬁi’s As _f40

(17)
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The linear equations (17) can be solved to obtain the increments (Atx,Aty,AQ,AS) of similarity
transformation parameters and these increments can be employed to update the Curve B similarity
transformation parameters. Furthermore, the iterative process can be repeated until each similarity
transformation parameter increment is smaller than the given computation precision ¢ .

2.3.2 lterative Solution of Curve Parameters

When the minimum one-sided Hausdorff distance from curve A to curve B is achieved, the optimality
condition and the one-sided Hausdorff distance condition are satisfied. The previous similarity
transformation parameter iterative process ensured that the optimality conditions were satisfied. The
condition satisfying the one-sided Hausdorff distance is discussed in this section. As reported in a
previous study'®), the one-sided Hausdorff distance between plane curves is generally presented in four
cases; double perpendicular foot points, one-to-two points, EA endpoints, and EB endpoints. Different
constraint equations exist for different cases. The corresponding constraint equations are established
according to the different situations of the 5 points on the actual Curve A before the iterative solution is
performed. In this study, the one-sided Hausdorff distance between plane curves under the
perpendicular foot point is selected as the example, and its corresponding conditions are:

(Pi_Qi)'BZZO (18)

(Pl.—Qi)-Al.=0 l=1,2,|_ ,5 (19)
Since the conditions of Equation (18) would definitely be satisfied, it is only necessary to locally
optimise the parameters of Curve A at the characteristic point. After the Curve B similarity
transformation parameters and the corresponding parameters b,(i =1,2,...,5) of characteristic points
on Curve B are set as initial points, the parameters of Curve A are the only undetermined variables in
Equation (19). Hence, Equation (19) can be expressed as:

gi(ai)zo i=12,..,5 (20)

where, a,(i=1,2,...,5) represents the curve parameter corresponding to the 5 characteristic points on
Curve A.

Since the solution of Equation (20) is performed based on the previous programming algorithm and
has a favourable initial point, the curve parameter increments Ag,(i =1,2,..,5) corresponding to the 5
characteristic points on Curve A can be directly obtained by the efficient univariate Newton's iterative
method. On that basis, each Curve A parameter can be updated and the iterative process can be
repeated until the parameter increment is smaller than the given computation precision € .

Due to the interaction between the iterative solution of the similarity transformation parameters and
that of the curve parameters, it is necessary to conduct these two iterative processes alternately until
the convergence conditions of the two iterative processes satisfy the requirements.

1.3 Numerical examples

The feasibility of the above algorithm is verified via numerical examples in this section. The original A
and B curves are closed curves represented by the cubic uniform B spline, incorporating 9o control
points. As shown in Figure 3, the red line represents Curve A and the blue line represents Curve B.
Curve A is presented as an outline of a Liriodendron chinense leaf. The Curve B control points are
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obtained by superimposing an error function with a 2mm amplitude on 9o Curve A control points.
Furthermore, the Curve B is transformed according to the following similarity transformation
parameters: 7., =15mm, { , =15mm, 0, =20°, and s, =1.2.

Fig. 3: The Original Curves A and B

The minimum one-sided Hausdorff distance #4.(4,B) from Curve A to Curve B can be calculated using
the following process. Firstly, Curve A is discretised according to its parameters and Curve B is
transformed from a B-spline form to a cubic piecewise Bezier curve through the algorithm in a previous
study"®. Subsequently, the shortest distance from each discrete point on Curve A to Curve B is
computed through the algorithm in a previous study®, which can be regarded as the original normal
error O, of Curve A relative to Curve B. The linear programming algorithm in Section 1.1 is then
employed to compute the minimum one-sided Hausdorff distance from curve A to curve B under a
similarity transformation. Subsequently, the corresponding transformation parameters, minimum
one-sided Hausdorff distance #,.(4,B), and corresponding characteristic point coordinates can be
obtained. The computation precision is 10 and the results are presented in Figure 4. The 5 pairs of
blue points represent the corresponding characteristic points obtained by the mathematical
programming method, and /;(4,B) =2.899780. The corresponding transformation parameters
include Af, =16.488852mm, Aty =15.939305mm, A@ =19.803339° and As =1.1960891. Based on
the programming model computation results, %.(4,B) can be solved precisely based on the local
optimisation model in Section 1.2. The final characteristic points are presented as 5 pairs of red points

in Figure 4, and /(4,B) =2.914350mm, which is highly similar to the mathematical programming
method results. The corresponding transformation parameters include Af =0.008716mm, Aty
=0.001226mm, A6 =0.007190° and As =1.000028.
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Fig. 4. Refinement of the Characteristic Points by using the Local Optimization Approaches

. ROUNDNESS ERROR EVALUATION BASED ON THE MINIMUM ONE-SIDED
HAUSDORFF DISTANCE

2.1 Introduction

In addition to being applied to the aforementioned pattern recognition and curve matching, the
mathematical programming model based on the minimum one-sided Hausdorff distance can also be
used in the geometric error evaluation. The relevant geometric error evaluation model is simpler and
improves computational efficiency.

As the most common fits, cylindrical fits are reported to account for 80-85% of engineering
applications. The measurement and evaluation of cylindrical parts are important technical approaches
to ensure part precision. Currently, roundness errors are often evaluated using the minimum
circumcircle, maximum incircle, least squares, and minimum area methods™. Among them, the
minimum area method obtains the smallest unique evaluation results, which is consistent with the
roundness error definition in ANSI??!, ISO™! and national standards'?. As per the minimum area
evaluation method definition, two ideal concentric circles are used to contain the actual measured
elements and the minimum width of the containment domain can be used to represent the roundness
error. In the above evaluation process, the centre position and radius of the ideal circle can be changed.
The principle for evaluating the roundness error with the minimum area method is that when the
measured contour is contained by two concentric circles, at least four measured points are distributed
inside and outside of two concentric circles. Since the specific algorithm used to obtain the minimum
roundness error is not specified in any of the above standards®°2%!, some researchers have proposed
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geometric error evaluation models and algorithms since the publication of these standards. In some
existing studies*325! the roundness error evaluation is regarded as a double inclusion evaluation
according to the criteria of the minimum area evaluation method. In other words, there are two ideal
elements that contain the actual measured elements. Based on that, the following programming
algorithm can be constructed;

mil} & =&

uelRk

st \/(xl —u) +(y, —u,)’ <& (21)
VO =) + (3, —1)” 2&,
i=12,..n

where, [x,-ay,-]T represents the coordinates of a measurement point and ” represents the number of
measurement points; U= [ul,uz]T represents the centre of an ideal circle; &,,&, represents the radius
of the maximum and minimum containment circles. If & =R+{,,&§, =R+, is arranged, R
represents the radius of an ideal circle and &,,{, represents the maximum and minimum normal
errors. On that basis, the model from Equation (21) can be transformed into the saddle point
programming model provided by a previous study™’,

min ¢, -G,

ueR?

St CIZ\/(‘xi_ul)z—i_(yi_uZ)z -R

Cz S\/(x,‘ _u1)2 +(yi _u2)2 -R
i=12,...m

(22)

where, &,,¢, respectively represent the maximum and minimum normal errors from the point on the
actual measured element to the ideal element.

The roundness error evaluation model based on the minimum one-sided Hausdorff distance is
explored in the following section. Finally, the computation precision and efficiency are compared with
those in Equations (21) and (22) using numerical examples.

London Journal of Engineering Research

22 Roundness Error Evaluation Programming Model Based on the Minimum One-Sided Hausdorft
Distance

If the measured actual contour is presented as Curve A and the ideal element is presented as Curve
B, the one-sided Hausdorff distance #4(A4,B) from Curve 4 to Curve B represents the maximum
deviation from Curve A to Curve B During the roundness error evaluation, the centre position and
radius of the ideal element B can be changed and the relevant vector equation can be expressed as:

B(b,x)=(X + Rcosb)i+ (Y + Rsinb)j (23)

where, x=[X,Y, R]T represents the transformation parameter vector and its components represent
the circle centre coordinates and radius of the ideal element B.
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From the perspective of the BUA, the one-sided Hausdorff distance between two geometric objects is
the maximum deviation of the approximation object from the approximation target. The optimisation
objective of the BUA is to minimise the maximum deviation under a transformation. If the
approximation object scale and position parameters are selected as optimisation variables and the
minimum one-sided Hausdorff distance from the approximate object to the approximation target is
selected as the optimisation objective, the following roundness error evaluation programming model

can be obtained after Curve A is discretised:

min  f(y)=h
st G(y)=d(A@),Bb,x)-h<0  i=12...m (24)

where, d (A(aq,),B(b,,x)) represents the shortest distance from the discrete point @; on Curve A to
the ideal circle B(b,x) after transformation; b, =b,(a,) represents the curve parameter corresponding
to the minimum normal distance mapping mapping point of the discrete point a, on the ideal circle

B(b,X); i represents the discrete point serial number, and m represents the total number of discrete
points on Curve A. x=[X,Y,R]" represents the similarity transformation parameter and

y=[h,x]" =[h, X,Y,R]" represents the programming model optimisation variables.

It can be revealed that the optimisation model constraint function given in Equation (24) is not a linear
combination of optimisation variables, but a nonlinear optimisation which needs to be linearised.

2.3 Linear Solution Method

It can be seen from the above optimisation model that the nonlinear part of the optimisation variable is

included in the shortest distance 9 . If the shortest distance in Equation (24) is regarded as a function
of the transformation parameter X, it can be expressed as follows:

d =d,(A(a).B(h.x) =|A(a)-B(b,x)| =g (x)=g(X,Y,R) (25)

If the distance function d, = g,(X) is subject to Taylor's expansion at the transformation parameter

London Journal of Engineering Research

T
zero point Xy = (Xo,YsR))" and their second-order and higher-order small quantities are omitted, the
following expression can be obtained;

og, og, og,
(xX)=g. +—=LAX +—=LAY +—=LAR 26

In the equation,

g,(x,) = ”A(a:) —-B(b,,x) x=x
‘ (27)

g, _ [A@)-B(,%)]-B.(5,%)|
oX |A(a,)-B(®,.x)

Xi

=-N,-i=-N_ (28)

X=X,
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%:_[A(a,)—B(bi,x)].B'y(bpx)|
or [A@)-B(®, )

=-N,-j=-N, (29)

X=X,

%, [A@)-B(.)] B,

=L =N, -(coshji+sinhj)=+1 (30)
OR |A(a,)-B(b,.x)|

X=X,

where, g(x,) represents the shortest distance from a point @, on Curve A to the ideal circle B
before the transformation; AX,AY,AR represents the first-order increment of the transformation
parameter X,Y,R at the zero point X, =(X,,Y,,R,)" ; N,., N,, represents the coordinates of the unit
normal vector at a point on the ideal curve; B;,B’y,B;a represents the first-order partial derivative of
Equation (23) for the transformation parameter X,Y,R.

After Equations (26) - (30) are substituted into Equation (24), the following linear programming model
to compute the minimum one-sided Hausdorff distance between plane curves can be obtained:

min  f(y)=nh
st. G(y)=g,(x))—N,AX -N AY+AR-h<0 (31)
i=12,..m

where, /1 represents the characteristic parameter, namely the one-sided Hausdorff distance from
Curve A toCurve B and " represents the number of discrete points on the actual curve.

2.4 Optimal Conditions for the Minimum Hausdorff Distance

In terms of the programming model given in Equation (24), the conditions that should be satisfied at
the optimal solution point are called optimality conditions. According to the optimisation theory26-27,

the optimality condition in nonlinear programming is the K-T condition. If Y~ is the model local
optimal solution, it is required to have the following K-T condition;

VAY)+ D A VG(Y)=0

iel(X") ( 2)
220 iel(Y) 3
where, 1(Y")= {z‘

(G, (Y*) =() ) corresponding to the element ( 7 ) in the set is termed a tight constraint.

Gi(Y*)=0,1£i£ m} is termed a tight constraint index set and the constraint

The following expressions can be obtained from Equation (31);

vA(YH)=[t 0 0 o] (33)
. og 0g 0
VG,.(Y){—I a—i a—§ a_ﬂ (34)

After Equations (33) and (34) are substituted into the K-T condition equation (32), it can be seen that:
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4
D> Ab,=0 (35.a.b.0)

r . . .
where, b, = [in Nyl.] represents the vector corresponding to the tight constraint;
e, =cosbi+sinb,j.

It is evident from previous analysis that if the characteristic point falls on the outer containment circle
B, , it can be taken that N, -€, =1 If the characteristic point falls into the inner containment circle
B, , it can be taken that N,-e, =—1.When A, >0 (i=12,3,4), it can be found from Equation (35.c)

that the 4 characteristic points cannot completely fall on the outer containment circle B, or the inner
containment circle B;. This indicates that there is no characteristic point with a distribution ratio of
0:4 (4:0).

In a situation where the characteristic points’ distribution ratio is 1:3 (3:1), it is safe to assume that the
first characteristic point is on B, and the other three characteristic points are on B, . It can be
obtained from Equations (35.a) and (35.c) that:

1
A1=AZ+A3+A4=E (36)

When Equation (36) is substituted into Equation (35.b), it can be taken that:

1
b1 = 7(121')2 + /ﬁt3b3 + l4b4) (37)

The geometric meaning of the above equation is that the convex combination of characteristic points 2,

3, and 4 shall contain the vector b, corresponding to the characteristic point 1. Since the 4
characteristic points are distinct tight constraint points, the case represented by Equation (37) cannot
exist, specifically that there is no characteristic point with a distribution ratio of 1:3 (3:1).

Consequently, the characteristic points distribution ratio of the roundness error, evaluated by the
minimum area method on the inner and outer containment circles B, and B, , can only be 2:2.

Accordingly, the 1st and 2nd characteristic points can be arranged on B, and the other 2

characteristic points can be arranged on B; . It can be deduced from Equation (35.b) that:

1
/’11"')*2:)‘3"'14:5 (38)

Under this circumstance, it can be taken that
Ab, +4,b, =4b,+4,b, (39)

As suggested in Equation (39), when the roundness error evaluation results are optimal, the
characteristic points on the inner and outer containment circles p and B, are distributed as
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intersecting lines, which is consistent with the roundness error evaluation criteria in the minimum area
method.

The K-T condition provides the necessary conditions for the optimal constrained nonlinear
optimisation solution. When the optimisation objective and constraint function in the optimisation
model are convex functions, the locally optimal solution is the global optimal solution. According to the
optimisation theory®®#7] linear programming belongs to convex programming. Meanwhile, the linear
programming model can guarantee higher precision under the assumption of small errors. Hence, the
minimum condition given in Equation (35) can be regarded as a necessary and sufficient condition for
reaching the global minimum.

2.5 Numerical Examples

Numerical example 1

The measured data is quoted from a previous study!®®), as presented in Table 1. The roundness errors in
the study are as follows: The centre coordinates and the radius of the ideal circle would be

[X*aY*aR*]T = [40-0007,50-0015a30-0000]T mm and the roundness error is 29.2816 um. Based on the
data in Table 1, the conventional roundness error model (Equation 21) and the Hausdorff
distance-based model (Equation 31) are compared in terms of their computation precision and
efficiency.

The average value of the ccT)ordinates of 25 data points listed in Table 1 is selected as the initial circle
centre coordinates [X,,%] . The average distance from each measurement point to the initial circle

centre coordinates is selected as the initial radius of the ideal circle &, . A computer with a Pentium IV
processor with a frequency of 2.8GHz and a 256 MB memory is adopted during this process. Based on

the model in Section 1.1, when the computation precision € is 107'° , the centre coordinates and the
* ¥ * T
radius of the ideal circle can be obtained as [X Y ,R ] =[40.000739,50.001530,30.000063]T mim.

The minimum one-sided Hausdorff distance is #.(4,B)= 14.640087um, the roundness error is
29.280175um, the high characteristic points are the 11th and 18th points, and the low characteristic
points are the 6th and 13th points. The average time for ten computations is 0.32ms. The results (circle
centre coordinates, roundness errors, and characteristic points) from the model given in Equation (21)
are similar to those computed by the model based on the minimum one-sided Hausdorff distance in
Section 1.1. The radii of the maximum and minimum containment circles are 30.014702620mm and
20.985422445mm, respectively, but the average time for ten computations based on the latter is
1.73ms, which is about 5.4 times that based on the former.
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Tab. 1 Initial data of Example 1

Serial number of X-coordinate .
. Y-coordinate/mm
measure points /mm
1 70.0150 50.0000
2 68.7900 58.4734
3 65.4060 65.9372
4 59.5675 72.7493
5 51.3791 77-7452
6 44.7944 79.6013
7 40.8903 79.9958
8 32.0312 78.9306
9 27.2296 77.1385
10 20.3993 72.7076
11 16.1556 68.2304
12 12.7184 62.4905
13 10.6380 56.0806
14 10.0183 49.2149
15 11.4275 40.8264
16 14.1050 34.8682
17 18.8168 28.7427
18 24.6321 24.2200
19 31.6833 21.1862
20 39.1626 20.0207
21 45.5204 20.5021
22 55.3996 24.2692
23 62.3561 30.0114
24 67.3540 37.6492
25 69.6190 45.2028

Numerical Example 2

The measured data is quoted from a previous study'®), as listed in Table 2. The computed results based
on the steepest descent algorithm in that study are presented as follows: The ideal circle centre

coordinates would be [ X”,¥" ] =[82.990941, 97.008387]" mm and the roundness error is 38.231m.

The initial centre coordinates and the radius of the ideal circle are constructed via the same method as
Example 1. When the computation precision ¢ is 107", the centre coordinates and radius of the ideal
circle computed based on the minimum one-sided Hausdorff distance model would be

* * * T
[X Y ,R ] =[82-990941,97'008387,30-029726]T mm, the minimum one-sided Hausdorff distance is

h,(4,B) = 19.115472m, and the roundness error is 38.230944um. The 8th and 20th points are the high
characteristic points and the 1st and 16th points are the low characteristic points. The average time for
ten computations is 0.28ms. The results (circle centre coordinates, roundness errors, and characteristic
points) computed by the model given in Equation (21) are similar to those computed by the model
based on the minimum one-sided Hausdorff distance. The radii of the maximum and minimum
containment circles are 30.048841860mm and 30.010610916mm, respectively, but the average time
for ten computations based on the latter is 1.64ms, which is about 5.9 times that based on the former.
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Tab. 2: Initial Data of Example 2

Serial number of X-coordinate

Y-coordinate /mm

measure points /mm

1 107.5811 114.2119
2 102.2909 119.9906
3 95.6848 124.2034
4 88.2128 126.5634
5 80.3826 126.9159
6 72.7251 125.2311
7 65.7612 121.6196
8 59.9721 116.3233
9 55.7576 109.7039
10 53.4073 102.2180
11 53.0774 94.3816
12 54.7849 86.7302
13 58.4107 79.7824
14 63.7075 74.0083
15 70.3176 69.8019
16 77.7899 67.4519
17 85.6152 67.1081
18 93.2669 68.7926
19 100.2245 72.4009
20 106.0093 77.6929
21 110.2199 84.3073
22 112.5676 91.7864
23 112.8977 99.6156
24 111.2129 107.2695

V. CONCLUSION

In this study, a two-stage (rough and accurate) computation strategy was proposed to achieve the
accurate computation of the minimum one-sided Hausdorff distance between continuous plane
curves under a similarity transformation. A programming model for computing the minimum
one-sided Hausdorff distance was developed for when the curve is provided in the form of
measurement points or extremely high computation precision is not required. In addition, a
programming model linearisation method was also formulated and a stable and efficient simplex
method!®®! was adopted to obtain solutions. Under the conditions of continuous curves with the
requirement to precisely solve the minimum one-sided Hausdorff distance, a local iterative
precision algorithm, based on the programming algorithm, was established to separate the
similarity transformation parameters from the curve parameters corresponding to characteristic
points. Subsequently, the minimum one-sided Hausdorff distance between continuous plane curves
can be accurately computed.

The geometrical meaning of the one-sided Hausdorff distance between plane curves and the
minimum one-sided Hausdorff distance under a similarity transformation was explored. The
geometrical denotation /(4,B) is that curve A is contained by two symmetrical equidistant curves
of curve B. When the inner and outer symmetrical equidistant curves completely contain curve A
with the narrowest width, half of the width value is called the one-sided Hausdorff distance from
curve A to curve B. Under a similarity transformation, the geometric meaning 4 (4, B) is that
when the width of the symmetric containment domain of curve B reaches the minimum, there are
at least 5 tangency points between curve A and the inner and outer symmetric equidistant curves of
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Curve B. The tangency points distribution ratio on the two equidistant curves can be 1:4 (4:1) or 2:3
(3:2). The maximum and minimum normal errors of curve A relative to curve B are equal in value
and opposite in sign.

3. A mathematical programming model based on the minimum one-sided Hausdorff distance was
applied to roundness error evaluation. Based on the local optimum condition (the K-T condition) of
constrained optimisation in optimisation theory, it can be demonstrated that the minimum
condition of one-sided Hausdorff distance from the actual curve to the ideal circle is equivalent to
the roundness error evaluation criteria in the minimum area method specified in international and
national standards. Compared with the conventional roundness error evaluation model based on
the minimum area method, the optimisation objective function is the radius difference between the
maximum and minimum containment circles and the number of constraint functions in the model
based on the minimum one-sided Hausdorff distance is only half that in the conventional model.
Therefore, the model constructed in this study can significantly improve the roundness error
evaluation efficiency. Furthermore, this method can also be applied to the evaluation of other
geometric errors by the minimum area method.
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Design, Simulation, and Real-Time
Implementation of a DC Microgrid Powered by
Renewable Hybrid Energy Sources

Samir Abood?® & Islam Khalid®

ABSTRACT

When large amounts of renewable energy
sources are integrated, DC microgrids face
difficulties with voltage regulation, energy
management, inertia control, and uncertainty
management. Numerous approaches have been
offered to address these difficulties, such as droop
control, centralized control, distributed control,
virtual inertia control, and uncertainty
management algorithms. Despite these efforts, a
comprehensive overview that offers a panoramic
understanding of the existing techniques and
forthcoming trends in controlling renewable
energy-integrated DC microgrids has been
lacking. This paper involves designing,
simulating, and implementing a DC Microgrid
based on hybrid renewable energy sources to
achieve high efficiency and sustainability in
energy systems. The research focuses on
integrating solar and wind energy sources with
the design of an advanced energy management
system that ensures network stability and
reduces electrical losses. A comprehensive
mathematical model was developed to study
network dynamics and analyze its response to
operating conditions, such as climate and load
changes. High-precision numerical simulation
techniques were adopted to analyze the
performance and improve the compatibility
between the network components to achieve
maximum operational efficiency. The research
includes designing and implementing a controller
to manage the real-time dynamic balance
between energy generation and consumption.
Practical tests of the proposed system were
conducted in realistic operating environments to
study the network's performance in multiple
cases, such as peak loads and sudden outages.
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| INTRODUCTION

Environmentally friendly and sustainable
alternatives to conventional fossil fuels encompass
solar, wind, hydro, and geothermal energy
sources. Their significance is in reducing
greenhouse gas emissions and decreasing our
dependency on scarce resources to mitigate the
negative impacts on climate. However, the
intermittent nature of renewable energy sources
(RESs) like solar and wind has challenges,
necessitating improved grid stability and effective
energy storage integration. A comprehensive
strategy incorporating technological innovation,
helpful policies, and public involvement is
required to overcome these challenges and
establish a sustainable energy future. DC
microgrids are very important for integrating
renewable energy sources like solar panels
because they manage the direct current (DC)
output from these sources well, reducing
conversion losses. Implementing this streamlined
strategy improves overall energy efficiency,
making it suitable for localized power distribution
networks and facilitating the integration of diverse
renewable sources. A DC Microgrid is a
small-scale power system designed to manage the
distribution and consumption of electrical energy
locally using direct current (DC). It is considered
an efficient and flexible option for reliable energy
supply, especially in remote areas or applications
relying on renewable energy sources. The rising
integration of renewable energy sources and the
increasing complexity of power distribution
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systems have underscored the significance of
hybrid AC/DC microgrids in contemporary energy
infrastructure. However, these microgrids face
simultaneous challenges of preserving frequency
stability and reaching economic efficiency.
Conventional solutions to these challenges
independently handle energy storage optimization
and control strategies, leading to suboptimal
microgrid performance. To address these issues,
this work proposes a novel unified framework that
integrates energy storage optimization with
sophisticated control algorithms in a synergistic
way. This research aims to provide a
comprehensive solution that enhances the
operational stability and financial performance of
hybrid AC/DC microgrids by optimizing energy
storage deployment and balancing dynamic
interactions between AC and DC subsystems. The
proposed unified framework has the potential to
significantly advance sustainable energy systems
and pave the way for future developments in
microgrid technology.

Challenges of DC Microgrid Voltage fluctuations
are caused by varying loads and energy sources
with measurement of balanced energy distribution
among different loads, which need device
integration for standardization among microgrid
components to decrease the initial cost and higher
infrastructure cost compared to traditional grids.
In this case study, we will focus on two sources.
The first type we will discuss is solar power and
how it was the foundation of the study. The second
type would be wind turbine power. In both cases,
A DC power source (solar, wind) produces and
maintains a constant voltage converted to AC
power. Since we know DC power does not have a
loss, converting that power to AC becomes a
challenge. Having the ability to create a balance
between voltage regulation and current sharing
while reducing current circulation.

1.1 Contributions

Combining multiple energy sources improves grid
stability overall. This approach allows either
source to add the needed power if one source is
not producing at the rated level. Increased energy
output is significant due to both sources
generating electricity simultaneously. This makes

the system more efficient and robust compared to
a stand-alone source. Load capacity is increased
with a combined system since more electricity is
being produced. Cost is reduced by using free fuel
sources such as the sun and wind to power the
systems.

. METHODOLOGY

The system’s performance in the most unfavorable
conditions. Energy storage devices are essential
for reducing variations in renewable energy
production and improving the stability of the
system. Artificial intelligence methodologies, such
as machine learning and neural networks, assist in
predicting renewable energy production and

electricity = consumption, thereby enabling
proactive decision-making. Furthermore,
uncertainty modeling techniques such as

probabilistic and possibilistic methodologies allow
for the measurement and examination of
uncertainties related to renewable energy sources,
grid components, and demand patterns. This
ensures that microgrids can operate reliably in
dynamic contexts. Several recent reviews
summarized in The academic literature
underscore a significant gap in current research
regarding the control, energy management, inertia
support, uncertainty management of DC
microgrids, and economic and environmental
benefits, particularly within the framework of
integrating renewable energy sources. While
numerous studies delve into these aspects
individually, a comprehensive systematic review
that encompasses all aspects of DC microgrids is
notably lacking. To bridge these gaps, this review
provides comprehensive documentation on
voltage control, uncertainty management, inertia
support, environmental and economic benefits,
and energy management of large-scale renewable
energy-integrated DC microgrids, along with
specific and comprehensive recommendations
aimed at supporting greater integration of
renewable energy sources with DC microgrids. The
review encompasses cutting-edge technologies
and methodologies, shedding light on emerging
trends while also pinpointing areas requiring
further investigation. Additionally, the article
furnishes a compilation of prospective research
recommendations to guide and inspire scholars in
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advancing this domain. This paper has the
following structure: The bibliometric analysis with
a systematic approach to developing this review is
discussed in Section 2, Section 3 provides a
description of various major components of
renewable energy-integrated DC microgrids,
Section 4 provides control and energy
management algorithms for DC microgrids,
Section 5 documents inertia support techniques
for high-level integration of renewable energy with
the DC microgrids, Section 6 summarizes
uncertainty issues, Section 7 discusses economic
and environmental benefits of RESs integrated DC
microgrids, Section 8  provides future
recommendations, and finally Section 9 concludes
this work. Solar cell power as a renewable energy
source was unique in its perception. In this
module, I used a solar panel emulator 1.5kw, 500V
(CO3208-1P), equivalent to the Solar module with
solar altitude emulator (CO3208-1B). Both
modules would yield the same results. We used
the solar panel emulator because the light on the
solar altitude emulator was getting hot over a
sustained period. Nonetheless, the setup includes
a 3-phase industrial photovoltaic converter
(CO3208-1N). In this work, we tested the
characteristics of the solar panel emulator and the
effect it would have on the solar altitude emulator
by using 0,30,60,100 de-rating. The de-rating acts
as the sun's movement across the solar cell panel.
At each level of the de-rating, the converter
adjusted to keep the voltage stable as I fluctuated
from 100% to 0%. Once I ran the test and received
the results that were yielded, I began to see how
the system could be improved for robustness.

The next renewable energy source explored in this
work was the Wind Turbine System. The wind
turbine system was more difficult to navigate. It
uses an asynchronous double-fed induction
generator (DFIG). (CO3208-3A). It is connected
to a 3-phase motor generator (SE2662-6W), a
digital controller, a brake, and the Active-Servo
software. (CO3636-6W / CO2663-6U). It uses a
3-phase isolating transformer (CO3203-3B),
Digital meter (CO5127-3B), Power Supply
(CO3212-5U), Rectifier (CO3636-3B8), Inverter
(CO3636-3A8). With the generator running at
1600 rpm, the goal was to lower the voltage to tie

in with the solar panel module. The rectifier and
inverter were used to accomplish this goal. I used
trial and error to decrease the voltage without
overloading this system.

The micro-DC Grid ties together Solar and Wind
Turbine renewable energy sources. Once both
Solar and Wind modules output 120 volts, this DC
grid used two busbars (CO3301-5R) in this work.

. THE EQUIPMENT

The equipment used in this work is as follows:

3.1 Solar Cell Equipment

The solar panel altitude emulator simulates the
changing angle of the sun in the sky is shown in
Figure 1a. It is used to test the panel's power
output and determine how much its results would
vary based on its altitude or the sun's position.

Parameters: 10 W polycrystalline solar module,
Open-circuit voltage: 26 V, Short-circuit current:
650 mA, Adjustable module inclination,
Adjustable solar altitude, Adjustable solar azimuth
500 W halogen lamp (with dimmer

The transformer-less PV-inverter is designed
especially for a three-phase power supply as
shown in Figure 1b. It has a graphical display for
visualizing energy yield values, current power, and
operating parameters of the photovoltaic system.
When starting the system, you must set the time,
date, and year.

The mains power supply for DC, AC, and
three-phase machines and synchronous machine
excitation is shown in Figures 1 ¢ and e. The power
supply unit is specially designed for the operation
of electrical machines.

The solar panel emulator is a controllable DC
power supply source that provides the required
DC voltage, current, and power to the inverter
analogous to PV modules. It can be remotely
operated using the "Solar Panel" virtual
instrument, which allows the simulation of the
behavior of a photovoltaic system.

Variable Ohmic Load CO033301-3F shown in
Figure 1h has three synchronously adjustable ring

Design, Simulation, and Real-Time Implementation of a DC Microgrid Powered by Renewable Hybrid Energy Sources

© 2025 Great Britain Journals Press

London Journal of Engineering Research

Volume 25 | Issue 1 | Compilation 1.0



London Journal of Engineering Research

rheostats (bank winding) with scale 100 - 0% and
a fuse in the sliding-contact connection. Suitable
for parallel, series, star, and delta -circuits,
Resistance: 3 x 750 ohms, Current: 3x2 A

Inputs/outputs: 4mm safety sockets, Dimensions:
297 X 456 x 125 mm (HxWxD

This variable transformer CO3301-3P, shown in
Figure 1f, compensates for voltage fluctuations in
the event of changes in load by modifying the
transformation ratio. The component can be used
as a step-up or step-down transformer. Control is
performed via the inputs of the power quality
meter CO5127-18S.

The transformer in Figure 1 d and i are feeds the
transmission line model; the scale factor is 1:1000
for secondary current and voltage.

The three-phase power quality meter permits the
measurement and display of all relevant grid
parameters. It can carry out single, two-phase, or
three-phase measurements. Display and operation
are performed via menu navigation with an LC
display or the integrated Ethernet interface. The
optional SCADA software provides for the display
of all readings and allows the implementation and
analysis of intelligent power grids (smart grids).
The “Smart Meter” acts as a digital electricity
meter at the endpoints of the electricity grid to
measure electricity consumption and can be used
to turn consumers on or off, depending on
circumstances.

Table 1 Shows the Specifications of the Devices
used

(a) Solar Panel Altitude
Emulatore

(d) Isolating 3-Phase
Transformer

(e) Solar Panel Emulator

(f) Variable Transformer
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(g) Power Quality Meter

(h) Variable Ohmic Load

(1) Station Transformer

Figure 1. Solar Cell Equipment

Table 1: Specifications of the devices used.

Item

DC-PV Input

Voltage: 250 - 1000 V

MPP voltage: 300 - 800V

Maximum current: 11A

AC output

Voltage: 3 x 230, 50/60 Hz

Power factor: 0.8 — 1

Max. Current: 7A

N3 I°=] BN RN (21 F N (90N [FCR o S

Maximum Power: 3200 W

10 | Maximum efficiency: 98.6%

11 European efficiency: 98.2%

12 | MPP-efficiency: >99.7% (static), > 99% (dynamic)

13 | De-rating/ power limiting occurs automatically when:

14 | input power > max. recommended PV power.

15 | cooling is inadequate.

16 | input current is too high.

17 | grid current is too high.

18 | internal or external de-rating is performed.

19 | grid frequency is too high (according to country setting)

London Journal of Engineering Research

limiting signal is received via an external interface.

21 | output power is limited (set at the inverter)

22 | Communication interfaces:

23 | 1x RJ45 socket (RS485)

2x R
interface)

J45 socket (Meteocontrol WEB log or solar log; Ethernet

3.2 Wind Turbine Equipment

The three-phase power quality meter permits the
measurement and display of all relevant grid
parameters. It can carry out single, two-phase, or
three-phase measurements. Display and operation
are performed via menu navigation with an LC
display or the integrated Ethernet interface. The
optional SCADA software provides for the display
of all readings and allows implementation and

analysis of intelligent power grids (smart grids).
The “Smart Meter” acts as a digital electricity
meter at the endpoints of the electricity grid to
measure electricity consumption and can be used
to turn consumers on or off, depending on
circumstances.

The servo-machine test bench shown in Figure 2b
is a complete testing system for examining
electrical machines and drives. It consists of a
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digital controller, a brake and the ActiveServo
software. The system combines state-of-the-art
technology with ease of operation. The system also
allows manual and automated synchronization to
be carried out.

Figure 1d shows a Double-Fed 3-Phase Generator
and Motor. Double-fed generator 3-phase and
motor. The motor and sensor leads are connected
via polarity-safe plugs. The machine has thermal
monitoring, and, in conjunction with the
controller, it constitutes a driving and braking

London Journal of Engineering Research
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(e) DC to AC Inverter

system that is free of drift and requires no
calibration.

Figure 2a shows a Double-Fed Inductive
Generator Control Panel. Control panel unit for
double-fed Inductive generator.

Figure 2e shows a DC to AC Inverter using one
transistor. The inverter uses one transistor to
simulate DC to AC. I used one transistor to get this
effect. Figure 2f shows an AC to DC Rectifier.
Figure 3 shows the three Phase Double Busbar,
which is used as a DC busbar.

(d) Double-Fed 3-Phase Generator and

Motor

(f) AC to DC Rectifier
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Figure 3: The three Phase Double Busbar

V. THREE-PHASE FULL CONVERTER

DC microgrids and their components The DC
microgrids function in either grid-connected
mode, where the utility grid links to the shared DC
bus through a bidirectional voltage source
converter (VSC), or in islanded mode, operating
au tenuously without utility grid connection. Solar
PV and wind systems, DC loads, AC loads, fuel
cells, and energy storage devices are the main
components of the DC microgrids. The DC
microgrids face low inertia issues due to
large-scale renewable energy sources. This
phenomenon is particularly pronounced in
regions with high renewable energy penetration
rates, where renewable energy contributes
significantly to the overall electricity generation
mix by replacing conventional synchronous
generators. This reduced inertia challenges
microgrid stability and reliability, especially
during sudden changes in power demand or
supply fluctuations. To tackle this, several
advanced inertia support techniques, along with
energy storage devices, are proposed. Notably,
batteries and supercapacitors, among various
energy storage devices, are frequently employed
for bidirectional energy exchange with the DC bus.
The grid VSC regulates DC bus voltage in
grid-connected mode, whereas the battery or

— A & ;
— a_~
FTy B na i i Ll sk

gl - \ ) l ‘

v - =l s »
- s ar | xa .y .l
) ] (-] . —

supercapacitor manages voltage in islanded mode.
Due to its high energy density, the battery focuses
exclusively on providing or absorbing steady-state
power. Conversely, with its high power density,
the supercapacitor offers or absorbs transient
power briefly to make a power balance. In the
context of DC microgrids, the utilization of a fuel
cell can offer a consistent and reliable power
supply, especially when integrated with
sustainable energy sources such as solar and wind.
The absence of combustion in its electricity
generation process renders it an ecologically
conscious alternative, enhancing energy diversity
and overall sustainability. A three-phase full
converter is a fully controlled bridge-controlled
rectifier using six thyristors connected in a
full-wave bridge configuration, as shown in Figure
4. All six thyristors are controlled switches turned
on at appropriate times by applying suitable gate
trigger signals.

London Journal of Engineering Research
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Highly inductive
load

Load

2

Figure 4: The three-phase full converter

At ot = (% - a), thyristor T, is already
conducting when the thyristor T, is turned on by
applying the gating signal to the gate of T. During
the time wt = (% - 0() to (% + a), thyristors T
and T, Conduct together, and the line-to-line

supply voltage. v_, Appears across the load.

At ot = (% + cx), the thyristor T, is triggered and
T, Is reverse biased immediately, and T . Turns off

due to natural commutation. During the period
wt = (% + a) to (5—611 - a), thyristor 7 and T,

Conduct together, and the line-to-line supply
voltage. v__ Appears across the load. Figure 5

shows the waveform of a 3-phase full converter.

The thyristors are numbered in the circuit
diagram in the order in which they are triggered.
The thyristors' trigger sequence (firing sequence)
is 12, 23, 34, 45, 56, 61, 12, 23, and so on. The
figure shows the waveforms of three-phase input
supply voltages, output voltage, the thyristor
current through T, and T, The supply current is

through line ‘a’. We define three-line neutral
voltages (3-phase voltages) as follows.

Vpy = Ugn =V, sinw t; V,, = Max. Phase Voltage (1)
=v =V sinsin(wt — =) =V _sinsin (ot — 120" (2)
v,y =V, =V sinsin (oo > ) =V sinsin (u) )
o o 0 o 0
v =V = Vm sin sin ((ot + 2—3“) = Vm sin sin (oot + 120 ) == Vm sin sin ((ot — 240 ) (3)

Where v Is the peak phase voltage of a star (Y) connected source? The corresponding line-to-line

voltages are

Ve, =V (van — vbn) = \EVm sin sin (oot + %) (4)
V=V, = (vbn — vcn) = \/§Vm sin sin (oot - %) (5)
Ve =V = (vm — van) = \EVm sin sin (cot + %) (6)
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Figure 5: Waveform of 3-phase full converter

The output load voltage consists of 6 voltage pulses throughout 2t radians. Hence, the average output
voltage is calculated as

London Journal of Engineering Research

%ﬂx
_ -5
Vo(dc)—VdC— Zﬂﬂf vO.dcot (7)
?‘HX
%+(x
-3 in si s
V.= nﬂf \EVmsmsm(wt+ 6).doot (8)
Z-HX
33V, 3V, )
Vje =———cosa = cosa
T
Where VmL = \EVm = Max. line — to — line supply voltage
%+a B
— |- 2
Vo(rms) ol = nf v, d(wt) (10)
?+a
1
\fV -+ —3cos cos2al’ (11)
O(rms) -
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V. SUPERVISORY CONTROL AND DATA
ACQUISITION

The basic control strategies of DC microgrids are
shown in Fig. 5. Compared to decentralized and

Basic Control

centralized control, utilizing a distributed
approach in DC microgrids offers many benefits,
such as the distribution of decision-making over
numerous. Figure 6 shows the control strategies of
DC microgrids.

Voltage Droop Control

Sl é Current Droop Control .
Virtual Impedance Control

Hierarchical Control
Centralized <

Secondary Contral

Intelligent Supervisory
Control

consensus-based control

Centralized Primary/
Distributed
<: Distributed MPC control

Contral Options
Communication

DC Microgrids Master-Slave Control
Control Control Mode < Peer-ta-Peer Control
Strategies Combined Mode

Contrel Level

Applications

Remote Areas:

e Providing electricity in locations far from
national grids.

Smart Buildings:
e Buildings utilizing solar energy and electronic
devices.

London Journal of Engineering Research

Industries:

e Operating machinery that works on DC to
improve efficiency.

Renewable Energy Networks:

e Enhancing the integration of solar and wind
energy.

Transportation Infrastructure:
e Electric vehicle charging networks.

SCADA Technology

SCADA stands for Supervisory Control and Data
Acquisition; software allows the supervision and
control of industrial processes, including
manufacturing, production, power generation,
fabrication, and refining.

Three-Level Cantrol

Lower-Level
Control

Two-Level Control < Upper-Level

Control
Primary-Level
Control
Secondary-
Level Control
Tertiary-Level
Contral

Figure 6: Control Strategies of DC Microgrids

A simple personal computer (PC) can become a
workstation through SCADA programs to watch
and control processes and communicate with the
field. Programmable Logic Controllers (PLCs) and
Remote Telemetry Units (RTUs) or intelligent
devices allow for the graphic representation of a
plant, the supervision of its processes,
modification of certain parameters, elaboration of
reports, emission of alarms, and other functions.

The processes can be controlled remotely or
locally to make changes to the parameters of the
process on-site (local way) or adjustments in a
control room (remote way).

Substation control: Substations are essential for
sustaining the flow of electricity and managing
load. The SCADA system continually assesses the
condition of different substation components and
then sends them the appropriate control signals. It
carries out tasks including bus voltage regulation,

bus load balancing, circulating current regulation,
and overload regulation.
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Remote Communications Networks

The SCADA host in the field office or central
control center receives data from distant
RTU/PLCs in the field or along the pipeline via the
remote communication network. Communication
is the SCADA system's "glue" or 'linking
component,” and it is crucial to the system's
functioning since assets are dispersed over a wide

geographic region. A SCADA system's ability to
effectively handle communication with distant
assets is essential to its success, and the fact that
these communication mediums are still prone to
malfunction is a significant problem. Figure 7
shows an RTU/PLC system connection.

Servers

Figure 7: RTU/PLCs system connection

Any sophisticated SCADA may be broken down
into its smallest components and linked through
communication protocols, much like a distributed
architecture. The system may be dispersed over
many process control networks (PCNs),
geographically isolated LAN networks in a
networked architecture. A network architecture
might consist of many distributed architecture
SCADAs operating concurrently, each with a
single supervisor and historian. This enables a
more economical option in very large-scale
systems. Internet of Things, fourth generation

Modern SCADA systems are driven to provide
operational benefits from the SCADA host down to
the instrumentation, not only in controlling and
retrieving data but also in engineering,
implementing, operating, and maintaining these
assets.

e Provide instrumentation and RTUs/PLCs for
easily managed asset or process solutions.
e C(Create and implement open standards utilizing

best  practices established by open
organizations  rather than a  single
manufacturing body to facilitate the

integration of assets inside a SCADA system.
As a result, the cost of owning SCADA will go
down.

e Implement several practices and procedures,
in addition to technological solutions, to create
safe environments for SCADA systems, their
assets, and processes.

Figure 6 shows the proposed control schematic's
time response using MATLAB/Simulink. In the
last step of the work, the hardware is
implemented, and the power system framework
of a microgrid is developed for the power
laboratory-based SCADA using Lucas-Niille
power engineering laboratory equipment to
model and simulate the distribution-level smart
grids/microgrids. Figure 7 shows a proposed DC
microgrid system with an energy management
system. Figure 8 shows a schematic diagram of
conventional droop control of a DC microgrid with
the energy management system, which represents
a hybrid AC/DC microgrid. Figure 9 shows a Time
response of the proposed control schematic using
MATLAB/Simulink.
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Figure 6. Time response of the proposed control schematic using MATLAB/Simulink
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Figure 9: Time response of the proposed control schematic using MATLAB/Simulink

VI.  RESULTS AND DISCUSSION

The SCADA system provided Hardware
Implementation and setup. I conducted the
physical building of the system as I was learning
how to work it.
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(b) Complete Solar Setup

\Wind Power Plant

W (1

(c) Complete Wind Turbine Setup

Figure 10: Renewable sources used in this work

6.1 Results

The first step was to dial both the solar and the
wind modules to 120 volts to tie both systems
together. This in fact produced a challenge as the
system was easy to overload. If the system
overloads everything in each module had to be
powered down and restarted. Achieving this feat
was used with trial-and-error method. After a few
weeks was able to get each module to read out 120

volts and combine both modules to the micro grid.
I tested this theory by measuring the voltage at
each point across the combined system. Another
challenge faced was keeping the current stable as
it was not reading out at certain positions across
the system due to the wind turbine inverter timing
out or overload, nonetheless once everything was
stable and working the reads across the system
output the desired results. After accomplishing

Design, Simulation, and Real-Time Implementation of a DC Microgrid Powered by Renewable Hybrid Energy Sources

Volume 25 | Issue 1 | Compilation 1.0

(© 2025 Great Britain Journals Press



120 volts across the system, I tested the system by
add a different load source. For the rectifier found
that using the setting BC6 at 97 degrees was the
perfect position to keep the system from
overloading.

For the inverter the setting used was DC PWM
(1QH) at 30%.

Wind Turbine

Vdc
_ 3VSline Max [1+ cos (60 + a)]

T

_3%300V2 [1+ cos (60 + 73)]

(a) (b)
Figure 11: System output (a) Rectifier (b) Inverter (c) System Voltage

Table 2: Power and voltage measurements at DERATING 0%

= 900V2 [1+ cos (60 + 73)]

Vdc = 128.835 Volt

The flow charts below were the results gathered
from de-rating the solar cell system using SCADA.
Tables 2-5 shows the Power and voltage
measurements at DERATING o, 30% , 60% and
100%.

(c)
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Shading  PDC (W) P_(éxg v

0% 0 890 401
10% 121 766 400
20% 265 623 400
30% 408 478 400
40% 550 336 400
50% 691 193 400
60% 833 44 399
70% 973 -95 400
80% 1115 -235 400
90% 1255 -383 399
100 1395 -516 401
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Figure 12: SCADA results at 0%, 50% and 100% shading

Table 3. Power and voltage measurements at DERATING 30%
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SHADING PDC (W) P_ACin (W) VL-L

0% 0 886 400
10% 265 767 400
20% 265 625 400
30% 408 477 400
40% 550 339 401
50% 691 187 399
60% 832 48 400
70% 974 -90 401
80% 1097 -215 401
90% 1097 -211 401
100% 1096 -222 399

(c) Derating at 30% and 90% shading
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Figure 13: SCADA results at 20%, 30% and 90% shading

Table 4: Power and voltage measurements at DERATING 60%
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: P_ACin
Shading PDC(W) W) VL-L

0% 0 891 400
10% 120 767 401
20% 265 624 402
30% 408 475 400
40% 548 338 401
50% 552 339 402
60% 552 336 401
70% 552 335 399
80% 552 340 399
90% 552 337 400
100% 552 334 400

Table 5: Power and voltage measurements at DERATING 100%

. P_ACin
Shading PDC(W) W) VL-L
0% 8 887 400
10% 8 887 401
20% 8 888 401
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30%

40%

50%

60%

70%

80%

90%

| ||| | 0| O]

100%

890 401
889 401
886 401
883 400
884 400
883 400
886 400
876 399

6.2 Discussion

As T progressed near the end of this work, I
contemplated how I could make the system better
in real time. Though the equipment appears to be
an alpha model I would change a few things on
how the system works. The first thing that I
noticed early on was that there was only one
dingle drive. This drive is the key to the software
portion of the work. It is used to verify
authenticity and allows for the system to verify
that active components and equipment are
registered. (I.e. the power quality meter, the
converter). Another flaw that I saw was that the
wiring cords were too short. I had to connect
multiple cords to extend the length to make some
of the connections. This caused safety trip issues if
you were not paying attention. However, these
small setbacks created a learning opportunity and
allowed for more understanding in the process.

Due to the popularity of the power lab and SCADA
system, I had the pleasure to demonstrate what I
had built and worked on over the course of the
study. Students from other universities such as
Texas A&M were impressed and excited to see
firsthand what Prairie View offered its students.
Professional employees from multiple companies
also came and experienced the power lab. This
system is state of the art due to not many
universities or companies have the technology.
Since the power lab is large in cost the benefits
and hands-on learning is worth it. It gives the
students a look into what is reality but on a small
scale.

VIl CONCLUSION

Renewable energy sources can be cost effective
and efficient in it’s make up. It highlights how it
can be a reliable source of energy for years to

come. Depending on the setup it can be used it can
and off the grid and give the same results as if it
was connected to the grid. These energy sources
can be used full-time, part-time, or can support
the grid. The scale in this work was small in size
but can also be retrofitted for a scale. This work
took me approximately 4 months to complete.
Starting with learning how the system works to
physically connecting the units. Ironing out all the
kinks and setbacks using trial and error and help
from my mentor allowed me to gain the
knowledge necessary to finish the work.

Finally, I found this work to be challenging but
fun. Knowing that I would be ahead of the curve
once I stepped into the real world where these
types of renewable energy sources are being used
in everyday life, no matter the scale or setup.
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Understanding the World Through Systems:
History, Classification and Future Directions

Kochetov N. V.

ANNOTATION

The article is devoted to the understanding of the
world as an object consisting of systems, as
separate "bricks", despite their diversity.

Non-living systems develop according to the laws
of natural sciences: physics, chemistry,
astronomy. Their development is not targeted,
while there is an increase in disorder (entropy).

Living systems strive to survive and expand,
while they transform everything around them to
improve their existence. Disorder (entropy), from
the point of view of living systems (in relation to
the achievement of a goal), decreases.

A general classification of the systems of the
surrounding world is given. The evolution of
living systems and the features of their
development are explained.

Keywords: system, non-living systems, living
systems, social systems, evolution, development.

. INTRODUCTION

In recent years, the concept of "system" has been
increasingly used. As a result, the concept of a
system is found in almost all fields of knowledge,
which has given rise to many definitions. It is
almost impossible to give an accurate
comprehensive definition of the system. Any of
them will be relative.

Therefore, it is better to consider the historical
process of the formation of the concept of
"system".

The system (from the Greek. Xvomupa - a
combination, a whole made up of parts, a
connection) is a set of elements that are in

© 2025 Great Britain Journals Press

relations and connections with each other, which
forms a certain integrity, unity. [1]

Having undergone a long historical evolution, the
concept of system has become one of the key
philosophical, methodological and special
scientific concepts since the middle of the 20th
century. In modern scientific and technical
knowledge, the development of problems related
to the study and design of systems of various
kinds [2] is carried out within the framework of
the systems approach [3], the general theory of
systems [4], various special theories [5], in
cybernetics [6], and systems engineering [7],
system analysis, etc. [8]

ll.  HISTORY OF DEVELOPMENT

In ancient Greek philosophy and science (Euclid
[9], Plato [10], Aristotle [11]) the idea of the
systematic nature of knowledge (the axiomatic
construction of logic and geometry) was
developed. constructions of scientific systematics.
17th and 18th centuries, which strove for a natural
interpretation of the systematic nature of the
world (for example, the classification of Carl
Linnaeus) [14]. In the philosophy and science of
modern times, the concept of system was used in
the study of scientific knowledge; at the same
time, the range of proposed solutions was very
wide, from the denial of the systemic nature of
scientific and theoretical knowledge (Etienne
Condillac) [15] to the first attempts at a
philosophical substantiation of the logical-
deductive nature of knowledge systems.

And to this day, in the absence of a precise
definition of the concept of a system, researchers
widely use it at an intuitive level. [16]: "Most
researchers intuitively realize that there is still a
real commonality in this variety of directions,
which  should follow from a common
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understanding of the system. However, the reality
is that there is still no common understanding of
the system."

It was also widely used by the classics, although
the term itself is not in their works [17, 18]. In the
19th and 20th centuries, there was no such
detailed terminology as there is now, some
concepts underwent changes and were clarified.
But the concept of system was in the air in the
works of scientists, penetrating the content of the
works. The concept of complex systems appeared:
"An electron is as inexhaustible as an atom" [18].

A great contribution to the theory of systems was
made by the Russian philosopher A.A. Bogdanov,
in his work "Tectonomics", republished in the
1880s [19]. The work concerned organizational
structures.

Later, the "General Theory of Systems" was
formulated [20], in which systems are divided
into closed and open (developing). The division is
relative, since all systems are under the influence
of entropy in time. Inanimate systems tend to
increase disorder. Living systems strive to create
conditions for habitation, for which they develop
surrounding systems for this purpose.

There are several modern definitions of the
system.

Academic definition of the concept of a system by
Academician P.K. Anokhin, who studied living
systems.

A system is a complex of selectively involved
elements that interact to achieve a given useful
result, which is accepted by the main
system-forming factor [21].

Disputes about the classification of systems
continue [3, 22, 23]. We can propose another one
based on the evolution of systems. First of all, it is
advisable to divide systems into non-living and
living.

. NON-LIVING SYSTEMS

Non-living systems are characterized by the fact
that they develop uncontrollably by anything
Albert Einstein once expressed it as follows:

"Nature hides its secrets due to its inherent
height, and not by tricks" [24, 25]. Non-living
systems change over time. In comparison with
living systems, the time of change of non-living
systems occurs either quickly (changes at the
molecular level) or very slowly (at the planetary
level). the change of day and night, seasonal
changes (winter-summer), tides, movement of air
masses, water as a result of sea flows.

That is, the time of changes in inanimate nature
has the widest range. For now, we can say that
this range is unlimited, as is space. It is
supposedly described by the "big bang theory",
and this area remains open for study.

Any system, as a group of interconnected
elements, can remain intact under certain
conditions. For example, an atom of a substance.
There are stable states (in our usual conditions),
and there are states that disintegrate and can exist
in a short period of time (radioactive substances).
Most of all in the universe is elemental hydrogen.
Why is there so little of it on Earth in its free
form? Where does so much oxygen come from on
Earth, which, when combined with hydrogen,
formed a lot of water? The force of gravity does
not keep hydrogen on the Earth's surface. Other
gases are simply squeezed out from the surface of
the Earth. But some of it combined with oxygen
and formed water. Oxygen is a very active
element, so there are a lot of oxides on Earth, in
addition to water.

What are the favorable conditions on Earth? First
of all, high stability. There is a magnetic field, an
atmosphere, which protect from the adverse
effects of the external environment. The Earth's
rotation makes it possible to maintain the
temperature on its surface within 200-300
degrees Kelvin [26, 27]. The pressure of the
atmosphere is such that many substances are in a
gaseous state [28].

The presence of winds allows you to move large
volumes of gases and liquids, which can be a
building material during chemical reactions. For
example, carbon dioxide, calcium and magnesium
salts dissolved in water.
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Water occupies an exceptional place for favorable
conditions: on Earth it can be in several states of
aggregation: gaseous, liquid, solid. Fluid mobility
provided an environment for the development of
life. The evaporation of water led to the formation
of clouds that carried large masses of water in the
form of rain over the Earth's surface. This created
conditions for life on the surface as well. Clouds
are an important stabilizer of temperature on the
Earth's surface.

A characteristic feature of the development of
non-living systems is that they are not targeted.
They develop according to the laws of physics,
chemistry, the laws of motion of celestial bodies,
and the development of the Galaxy. The action of
the laws of the development of inanimate nature
is chaotic. Usually, the development of non-living
systems leads to disorder (an increase in entropy).

These laws are objective, that is, they were before,
are and will be after the development of living
systems. But living systems depend on the
behavior of non-living systems. Therefore, the
study of non-living systems makes it possible to
use these laws in the interests of humanity. By
combining inanimate systems, mankind achieves
important target results that cannot be achieved
in inanimate nature (technical systems: engines,
artificial materials).

Non-living systems are the "building material" on
which living systems arise and develop.
Conditions contribute to the origin or
introduction of living systems from outside. And
then evolution is possible (if the development of
non-living systems does not interfere with this.

V.  LIVING SYSTEMS

Living systems are more studied systems from the
point of view of science. There are several fields
that study them (biology, botany, zoology,
anthropology, etc.). The time intervals of changes
in such systems are more definite, although this
range is quite wide (the periods of division of
bacteria and viruses are quite short). The change
of generations of plants and animals (including
humans) is slower. The evolution of life on Earth
is a slower process (so far we do not know of other

living systems). But they are also very short
compared to the "big bang" process.

So far, we cannot explain the emergence of living
systems (life). But scientists are concerned about
the question of what will happen as a result of the
development of living systems [29]. It is clear that
evolution was impulsive. At some moments, there
were stops and rollbacks due to the influence of
the external environment (changes in non-living
systems). For example, global catastrophes that
led to the formation of chalk deposits, fossil fuels
(gas, oil, coal). And later local catastrophes that
led to the disappearance of entire living systems
(the extinction of mammoths).

Closer examples of the development of living
systems are the evolution of man. Darwin put
forward the theory of evolution. Did man evolve
from apes or are they species that evolved in
parallel? Apparently, a common ancestor howled,
but it disappeared as a result of one of the
disasters. Neanderthals, Cro-Magnons,
Australopithecus - what place do they occupy in
the process of human evolution?

As we can see, living systems that are closer to us
are also inexhaustible for study. Perhaps the
simplest forms of living systems take place in the
Universe, but their development and evolution are
possible only under certain favorable conditions
(very rare). So far, no other Civilizations have
been discovered, but does this mean that the
Earth is the only non-living system suitable for
the development of living systems in the infinite
Universe?

Non-living systems develop according to the
objective laws of chemistry, physics, and the laws
of the development of galactic systems. Living
systems cannot influence these laws, but they can
use them to produce useful results. This also
applies to living systems that are in a state of
symbiosis with other living systems (man and
botanical, zoological, bacteriological systems,
objects of genetic engineering).

Understanding the World Through Systems: History, Classification and Future Directions
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V. ARTIFICIAL LIVING SYSTEMS

Artificial systems (systems related to life) are
systems that have arisen as a result of the
evolution of life for its development (symbiosis,
the formation of the "food pyramid").

Such systems have goals because they serve the
interests of living systems (humanity). Humans
have not created artificial life, but they have been
successful in the selection of living systems that
are useful to them.

Centuries of work to improve these living systems
led to the development of agriculture, primarily
crop production and animal husbandry. The
potential of the seas is being actively developed.
The selection of many plants, the breeding of
productive breeds of livestock, the development of
the potential of the sea led to the fact that large
volumes of useful plants and animals were grown.

The accumulated information is reflected in the
form of arrays of knowledge about living useful
systems [30, 31]. This allows you to expand the
areas of animal breeding, increase sown areas,
and develop the potential of the seas.

Thanks to the successful development of
agriculture, the population is steadily growing
[32, 33]. However, this process will come to a
halt: in the developed countries of Europe, there
is almost no natural population growth. The
quality of life has changed: the period of starting a
family is preceded by a period of training,
education, career building, etc.

Next, let us consider the social systems that are
closest to this issue.

VI.  SOCIAL SYSTEMS

Social systems are one of the specific types of
systems. On the one hand, they are not living
systems in their pure form, like a single
individual. On the other hand, these are artificial
systems that form relationships between people.

In the animal form, we also observe the rudiments
of such systems: flocks of birds, shoals of fish,
herds of herbivores, flocks of wild animals. This

allows you to get a greater competitiveness of a
particular type of living world.

But to the greatest extent, such behavioral
systems were received in the development of
mankind. At first, these were separate tribes.
Then separate state structures began to form:
Ancient Egypt, Babylon, the civilizations of China
and the original states of the American region.
This led to the stratification of the population of
the state (the ruling elite, ordinary members of
society).

As they developed and grew, states began to
interact with each other (trade, confront,
compete). This led to the emergence of a
monetary system, jurisdiction, law enforcement
agencies, armies, etc. The economy began to
develop: crafts, construction, manufacture of
ships, weapons, household items. That is, the
structure of the state developed, became more
complex, and became multi-invested [34].

Different segments of the population specialized
in certain types of activities. Such universal trends
in the development of society as health care,
sports, education, art, science, and culture have
appeared. Each of which is a separate,
independent system.

For example, the international trade system,
presented in the form of the Observatory of
Economic Complexity (EC) [35], which is
designed to increase the efficiency of economic
ties between businesses.

VIl. ARTIFICIAL NON-LIVING SYSTEMS

Non-living systems are the "bricks" on which
living and artificial systems develop. These
"bricks" are inexhaustible. But you need to know
how to make something out of them, that is, you
need TECHNOLOGIES. Examples of the influence
of technology on the development of artificial
systems: people have learned to smelt iron,
produce aluminum, make artificial diamonds
from carbon material, polymerize artificial
materials from natural gas.

The most studied are technical systems, which are
non-living artificial systems. As a result of the
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research, it was possible to obtain complex nested
systems. Examples include steam engines and
turbines, internal combustion engines, electric
motors, and electrical power generators.

What is the manifestation of nesting of systems?
Consider the internal combustion engine. The
main elements of this system will be the crank
mechanism, ignition system, fuel mixture
preparation system, exhaust system, control
system, and a certain type of fuel. Each element
performs a specific function. But in order to
perform this function, the element in question is
itself a system of a lower level, and so on.

If we consider a higher level in relation to the
internal combustion engine, then here we can give
an example of systems in which internal
combustion engines are used: vehicles (cars,
diesel locomotives, motor ships), power machines
(mobile power plants, construction and
technological production equipment).

At the same time, the engine, as an element of the
system, will be supplemented by other systems
that will determine the purpose of the system of a
higher level. For example, a car that turns on the
engine will be supplemented with a propeller
(wheels), steering mechanism, gearbox (gearbox),
accommodation for the driver and passengers
(body), etc. Such development of artificial systems
reduces disorder (entropy).

As we can see, each element of the artificial
system will have a pronounced target character.
In this way, artificial systems differ from
non-living systems, which develop according to
the objective laws of physics, chemistry, celestial
mechanics, and the theory of probability. The
development of inanimate nature tends to
increase entropy.

Examples of such systems are social and state
institutions, distribution systems (money), and
technical systems.

It is these systems that continue to develop
rapidly. Since artificial systems are created for the
interests of people, they should not develop in
such a way as to harm the existence of humanity.

This should be the basis for the development of
artificial systems.

The development of living non-artificial systems
also has a purposeful character: self-preservation
and expansion. But humanity uses much more
opportunities for this, thanks to the acquired
knowledge, science, and built infrastructure.
Although initially the external environment is the
same for all living systems.

VIIl. CONCLUSIONS AND PROSPECTS

1. The concept of "system" is widespread and has
several definitions in various fields of
knowledge. Almost none of them fully reveals
this concept.

2. It is important to distinguish between three

types of systems: inanimate, living, systems
for achieving certain goals of living systems
(artificial).
Non-living systems are objective in nature,
they develop according to objective laws (the
laws of physics, chemistry, and the
development of galactic systems). The result
of their action is due to the laws of probability
theory, which is why the result is chaotic
(tandem). The development of such systems
tends to reduce order (increase entropy).

3. In the last century, artificial systems begin to
develop rapidly and tend to accelerate this
development. Artificial systems can be
non-living (technical), living (based on living
systems: new varieties of plants, breeds of
livestock,  bacterial  strains, vaccines),
combined (in recent years, research in this
area has been actively conducted).

4. Living systems adapt to existence in the
conditions of non-living systems (either die or
follow the path of evolution). For successful
evolution, artificial systems can appear for the
purposes of living systems (artificial). Such
systems are created for their intended
purpose. They are based on a combination of
several non-living systems, on living systems,
or a combination of them. Such systems lead
to ordering (reducing entropy).

5. Living systems have goals: self-preservation
and expansion. At the same time, their
development is aimed at overcoming the
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conditions created by the development of
inanimate systems. On the other hand, in
order to expand living systems, they begin to
compete with each other. Here the process of
destruction, squeezing out or subjugation is
observed. These processes can be intertwined.
As a result, symbiosis can occur.

Living and artificial systems function within
the framework of non-living systems and
depend on the development of the latter.
Therefore, in order to preserve life, it is
important to study the laws of development of
non-living systems in order to prevent
catastrophes that may arise as a result of the
development of these non-living systems.
Humanity is at the top of the evolutionary
pyramid. It is a living system based on
non-living, living, and artificial systems.
Naturally, mankind is characterized by
progressive development, the desire to expand
the environment of its existence. Just like all
living things, competition based on knowledge
and science is inherent.

The desire for self-survival is no less strong,
like any other living system. Further
development of mankind should follow the
path of eliminating the dangers that may come
from non-living systems (global catastrophes,
galactic collisions, radiation, poisoning, etc.)
and living systems (diseases, toxic strains of
bacteria and viruses, Varangian bacteria from
other terrestrial environments and space
systems).

In the conditions of earthly competition, it is in
this direction that it is necessary to evolve.
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Design, Construction and Performance
Comparison of Fuzzy Logic Controller and PID
Controller for Two-Wheel Balance Robot

Mehrdad Esmaeilipour® & Mohammad Hossein Zalzar®

ABSTRACT

In this article, the design, construction and
control of a two-wheeled balancing robot was
carried out with two PID controllers and fuzzy
logic. This type of robot has advantages such as
lower energy consumption and the ability to be
used in small spaces with the ability to navigate
in the entire workspace and rotate in place
compared to other wheeled robots. Therefore, the
need for research on the knowledge of building a
two-wheeled balancing robot and controlling its
balance optimally is felt to enter fields such as
medical robots (assistant and military and
robotics of humanoid robots), etc. For the design
and modeling of the robot, SolidWorks software
was used, and for programming, Arduino
software was used along with the Arduino
microcontroller board. In this research, the robot
system is nonlinear and is considered as a black
box, and two linear PID and nonlinear fuzzy
controllers have been used. After conducting
investigations and obtaining numerous results
for both controllers in the results section, the
performance of the fuzzy controller was observed
to be much more optimal than the PID controller.

The PID coefficients have been obtained
experimentally, and the membership functions of
the fuzzy controller have also been adjusted
experimentally, and the Mamdani method and
trapezoidal functions have been used. All the
results have been obtained from the Arduino
software and with a serial port connection
between the computer and the Arduino
microcontroller, all of which are presented in the
results section.

Keywords: fuzzy controller, PID controller,

two-wheeled balance robot.
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| INTRODUCTION

Modern control is based on the time domain
analysis of differential equation systems. Modern
control has simplified system design because this
theory works based on a model of the real control
system. However, the stability of the system is
sensitive to the model error, that is, when the
controller designed based on the model is applied
to the real system, the system may not be stable.

In order to prevent such a situation from
occurring, the range of possible errors is first
determined during design, and then the control
system is designed so that it remains stable if the
error is within this range. The design method
based on this principle is called robust control.
Both frequency response and time domain
approaches are used in this theory, and this
theory has a lot of mathematical complexity [1].

Two-wheeled balancing robots that act like
inverted pendulums are naturally unbalanced,
nonlinear, and loaded [2] and consist of two
moving wheels, each located on one side of its
body and driven by direct current actuators. As a
model of an inverted pendulum, the robot's
balance is achieved by controlling the rotation of
its wheels. Since the introduction of the
two-wheeled balancing robot [3], this type of
robot has attracted great interest due to its many
application opportunities in the field of design,
controller, and signal processing of distributed
control systems. Simple design and use in tight
spaces, resulting in a small footprint, are also
other reasons for the popularity of this type of
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robot. However, the inherent tendency of the
robot to be unbalanced indicates the need for
dynamic control of the system.

Even with a higher height, they can accelerate
quickly without falling over. On the other hand,
not having more than two wheels means that they
can use larger wheels to cross uneven surfaces [4].
Given the characteristics and features mentioned,
this type of robot is used in fields such as
agriculture, transportation, etc. [5, 6]. Also, due to
its self-control, flexibility, and small size, this type
of robot has high usability in dangerous and small
workspaces [7]. In some studies, they are used for
educational purposes [8].

The study of two-wheeled balancing robots
emphasizes more on the robot balance control
technology. The first researcher in this field is
Professor Yamafuji, who works at the University
of Electrical Communications in Japan. In 1987,
he was working on an invention called a (parallel)
two-wheeled robot that incorporated two-wheeled
robot technology [9]. Soon after, Sony Electric
developed a two-wheeled self-balancing robot
called the Feelsro and demonstrated it at the June
2002 Robot World Cup. The world's first
humanoid two-wheeled self-balancing robot was
developed by ATR Research Laboratory in Japan.
Any instability and instantaneous movement of
the robot's upper body must be compensated
immediately and the balance maintained [10].
Various techniques have been proposed for
controlling two-wheeled robots, which require a
good understanding of the mathematical model,
which is represented by Lagrange's equations [3,
11, 12], Newton-Euler equations [13], Gibbs-Eppel
equations of motion [14, 15], or the Ken method
[10]. In general, such a device is affected by
external disturbances. Also, the lack of a dynamic
model, errors in parameter estimation, and noise
related to the measurement of input parameters
through sensors are other influencing factors that
need to be considered [16]. To In order to
effectively control the two-wheeled balancing
robot, linear and nonlinear control strategies have
been used. Among the linear controllers, PID
controller [11, 12, 17-19], LQR [13] and LQG [15]
have been used. These linear controllers offer a
limited range of performance due to linear

processing, thus limiting the performance of the
robot. As a result, the use of nonlinear controller
techniques can overcome these limitations. In a
study conducted by Slavo et al. in 2014 on the
control of two-wheeled balancing robot with LQR
controller. One of the reasons cited for using the
controller is the lack of an accurate mathematical
model for the robot [20].

Zhang et al. [20] proposes a fuzzy fractional-order
PID (FFOPID) controller for the motion control of
a TWSBR system in an inclined environment. The
control goal of TWSBR is to realize the wheel
position control and to stabilize the non-vertical
direction of intermediate body (IB). Finally, we
compare the control effect of the proposed
FFOPID controller with that of the integer-order
PID controller, the fuzzy PID (FPID) controller,
and the fractional-order PID (FOPID) controller
when TWSBR moving on the inclined plane. The
simulation results show that the FFOPID
controller has better control performance and
anti-interference ability.

Mudeng et al. [21] apply a Proportional Integral
Derivative (PID) controller as a control system in
a self-balancing robot with a working principle is
similar to an inverted pendulum. An Inertial
Measurement Unit (IMU) sensor is utilized to
detect the angular acceleration and angular
velocity of the self-balancing robot. The phase
design is constructed by planning the robot
dimension, mechanical system, and an electronic
system. Particularly, this study performs
mathematical modeling of the robot system to
obtain the transfer function. In addition, we
simulate the PID parameter with multiplication
between the basic parameter and several fixed
constants. The simulation results indicate that the
robot can maintain its balance and remains
perpendicularly stable for balancing itself.

Kumar et al. [22] investigates a novel
coupling-based mixed interval type-2 fuzzy logic
controller (MIT2FLC) for trajectory tracking
problems of highly nonlinear and complex robot
manipulator  plants.  For checking the
performance, the MIT2FLC approach is compared
with its type-1 fuzzy counterparts, namely mixed
type-1 fuzzy logic controller (MT1FLC), type-1
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fuzzy logic controller (T1FLC) and PID
controllers. Robustness analysis of the proposed
controller is  investigated for external
disturbances, varying system parameters, and
random noise.

ll.  ROBOT DESIGN

In this section, items such as design and selection,
structure dimensions and materials used in the
construction of the robot are described in detail.

2.1 Selecting the Appropriate Design

The first step in designing a balancing robot is to
select the appropriate structure according to the
purpose of its controller. For this purpose, in this
research, a platform-type two-wheeled balancing
robot has been built in order to apply controllers
and study the efficiency of each of them on the
balance of the robot. The prototype was designed
in the 3D design engineering software SolidWorks
45. The remaining steps, including the selection of
electronic  parts, construction = materials,
construction methods, etc., are described step by
step.

2.2 Robot Dimensions

Since the robot was built solely to study control
methods, an attempt was made to design a robot

with small dimensions and, as a result, low cost,
so that the robot operators have the ability to
apply appropriate torque to maintain the balance
of the robot. This robot was designed with a
simple floor plan to place the robot's electronic
components, so that the dimensions and spacing
of the floors and the selection of components for
each floor were carried out taking into account the
principle that the center of mass of the robot
should be in its upper part and the aim is to
control the imbalance of the two-wheeled robot.

2.3 Robot Shape

In order to achieve optimal performance of the
robot, a solid and symmetrical framework has
been used in its structural design in SolidWorks
software. This platform has the ability to increase
floors and place various sensors and electronic
components, as well as cameras for image
processing. Therefore, this robot will have the
ability to increase capabilities in all fields,
including automatic navigation and recognition of
the surrounding environment, which in this
research is only concerned with controlling the
balance of the robot. The final model of the
two-wheeled balancing robot that was carried out
in SolidWorks software is shown in Fig. 1.

Fig. 1: Designed Structure of Two-Wheeled Balancing Robot in Solidworks Software

24 Material Selection

Based on the ability to cut with a laser cutting
machine and easy drilling to place robot parts,

Plexiglass 46 material was used to make it. The
advantages of this material include low density,
good resistance to thickness, and accurate cutting
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based on the output map from SolidWorks
software for use in two-wheeled balancing robot.

25 Selecting Electronic and Mechanical Parts of
the Robot

To build a high-performance robot, selecting the
right parts that have the best performance in a set
is one of the most important parts of building a
robot. The selection of electronic and mechanical
parts of the robot should be based on the defined
performance for that part, and if the performance
is similar, the best part can be selected based on
their strengths and weaknesses. Ultimately,
excellent choices can create a high-performance
robot. Of course, cost is also an important factor
in selecting parts because a cheap part can
partially meet the performance of an expensive
part.

2,51 Selecting the Type of Actuator

In selecting the right actuator for the two-wheeled
balance robot, DC motors with a gear box and a
Hall effect encoder have been used to build the
robot. High-speed DC motors, if used with a
gearbox, provide high torque with a small volume
to the robot. High torque with high reaction speed
is needed by two-wheeled balancing robots to
maintain their balance. On the other hand, to
adjust the speed and find out the speed of the tires
and calculate the linear speed of the robot, it is
necessary to use an encoder on the output shaft
axis of the robot so that the robot can move at the
desired speed. The initial position and distance
traveled can also be one of the encoder outputs,
which in this research we only need to maintain
balance and the distance, speed and initial
position are not design considerations. So, the
geared high-speed DC motor is the best option to
be in the built robot set, but to continue the
research and practical development of the robot,
geared DC motors with Hall effect encoders have
been used to build the robot.

2.6 Construction

After designing the three-dimensional model of
the two-wheeled balancing robot and also
choosing the material, we used plexiglass material

here for ease of cutting and complete compliance
with the output design from the design software.

To make the platform prototype, various parts of
the robot are cut. Due to the choice of plexiglass,
the need for high precision in cutting parts, and
the elimination of machining operations, laser
cutting has been used in cutting various parts of
the robot. The laser cutting machine is very
important in carrying out specific cutting orders
because this machine is used with the most
up-to-date systems for laser operations. Laser
cutting machines are among the most popular
machines and are used in most cases for precise
cutting. After cutting the parts and assembling
them all with electronic and mechanical parts
such as tires and robot shafts, the finally built
model is shown in Fig. 2, which are displayed side
by side to match the output design from the
design software.
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Fig. 2: Example of a Two-Wheeled Balancing Robot Platform

2.7 Control

Two control methods have been used to control
the balance of the two-wheeled robot to compare
the efficiency of these methods in controlling the
robot and the results obtained show which
method shows the desired performance in which
conditions.

The methods used are one PID method assuming
the linearity of the problem and the other fuzzy
logic considering the nonlinearity of the problem.
The principles that we have considered in
controlling the robot are as follows:

e The two-wheeled balancing robot system is
considered as a black box without considering
the equations governing the balance of the
robot.

e The surface intended for robot navigation is
an uneven surface.

e Obtaining PID coefficients and the range of
input and output values in fuzzy logic has been
done experimentally

e The method used in fuzzy logic is Mamdani
method

2.71 PID Controller

In this method, considering the availability of the
built platform of the two-wheeled balancing robot,
we obtained PID values by trial and error, then by
entering the impact type input, we plotted the
robot's balance graph with the output data from
the MPU 6050 sensor and communicating with
the computer via the serial port in the Arduino
software. The steps for obtaining the optimal PID
coefficients experimentally are as follows: first, we
started with the proportional coefficient (P), as we
know, the effect of this coefficient is that it
increases the speed of the system and reduces the
steady-state error to some extent, but does not
make it zero. We know that to maintain the
balance of the built two-wheeled balancing robot,
the error must tend to zero, so the speed
coefficient P alone will not be effective and other
coefficients will need to be adjusted. Using a large
coefficient. It increases the tendency to maintain
balance, so the torque applied by the motors for
even a small impact will be large and at high
speed to create imbalance in the robot, and this in
itself is a factor in creating imbalance in the robot.

Design, Construction and Performance Comparison of Fuzzy Logic Controller and PID Controller for Two-Wheel Balance Robot

(© 2025 Great Britain Journals Press

London Journal of Engineering Research

Volume 25 | Issue 1 | Compilation 1.0



London Journal of Engineering Research

The integral coefficient or I also makes the
steady-state error zero, but it adds a large amount
of unwanted oscillations to the transient response,
and this in turn causes imbalance in the robot
itself in situ. The derivative coefficient also
weakens the oscillations of the transient response,
so in addition to using the integral coefficient, we
will need to use the derivative coefficient.

2.7.2 Fuzzy Controller

The Mamdani method has been used to
implement the fuzzy logic controller. In this
method, according to Figs. 3 to 5, the membership
functions must be defined at first. We have
considered two inputs as inputs for fuzzy control;
One is the angle value at any moment and the
other is the change in angle at any moment, which
Fig. 3 shows three membership functions, and one
is the negative angle (ND) which is a trapezoidal
membership function from negative infinity to -2,

and the other is the angle near zero (ZD) which is
again defined as a trapezoidal function from 5 to
-5. There is a range between these two functions,
and if the angle is in that part, that is, between -5
and -2, depending on the membership level, from
a value between zero and one, it may be 0.7 of a
negative angle and 0.3 of a zero angle, which is
the same logic as the logic of human reasoning,
and uncertainty is involved here, and its
difference from zero and one or binary logic is
evident here. The membership function of the
positive angle (PD) is also considered from zero to
infinity. In fact, for the angle input at any
moment, we have considered three membership
functions that are overlapping functions. The
more or less the overlap, the different results of
the fuzzy logic. This case, Fig. 3, provides the best
result for the defined fuzzy logic controller
through trial and error for the first input.

i ND 7D PD
r
0.5
0 = L L 1 i i 1
-40 -30 -20 -10 0 10 20 30 40
Angle(deg)

Fig. 3: Narrator Input Membership Functions

Fig. 4 show the amount of angle change at any
moment, which is measured by the MPU 6050
sensor in a fraction of a second and with the
smallest angle change and is used by the fuzzy
logic controller. Here, the size of the upper side of
the trapezoid is considered to be much smaller,
which means that with this small value, the robot
does not show any reaction. If this value is taken
large, the robot oscillations will be greater.
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Fig. 4: Membership Functions of the Angle Change at any Moment

Fig. 5 shows the output membership functions to
be applied to the actuators. These functions are
trapezoidal in type and the values of the
horizontal axis indicate the output of the fuzzy
logic controller due to the reasoning that is
written from the rules. These values are the same
values that must be sent to the actuator driver so
that the drivers can send the required speed and
torque to the actuators with the PWM wave and
the robot can maintain its balance. It is worth
mentioning that the program written for the MPU
6050 sensor uses the I12C interface and is taken by
the Kalman filter of the sensor noise and

calculations are performed at high speed so that
the robot can react quickly. Here, three
membership functions are defined: the first is
negative speed, which means the direction of the
speed is counterclockwise, and the second is zero
speed, which if we look carefully is considered to
be completely zero in a very small range, and in
the rest of the zero-speed membership function,
the membership rate is raised. For positive speed,
the function is again trapezoidal and its overlap
with the zero-speed membership function is
symmetrical with the overlap of the negative
speed membership function and the zero function.

T — -3

L NV zv PV
1 p— ~— _
0.5
250 =200 -150  -100 30 0 s 100 150 200 250

output Variable(bir)

Fig. 5: Velocity Membership Function
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. RESULTS

In this section, the performance comparison of
two PID controllers and fuzzy logic is used for the
robot that was built. This robot, as described in
the details of the construction in the third chapter,
has the ability to apply two controllers through
the Arduino software on the Arduino
microcontroller. To adjust the coefficients and
values of the controllers manually and
experimentally, by trial and error and observing
the equilibrium output diagram of the angle-type
robot, we tried.

3.1 Results of the PID Controller

In the first stage, we use only the P coefficient for
the PID controller and the rest of the coefficients

10+

N

are given zero, which is completely related to the
physics of the system and we obtain the
coefficients empirically and we have no problem
with the complexity of physics.

Fig. 6 shows the fact that the robot actually falls
and using the P coefficient alone cannot control
the balance of the robot.

In the second stage, by increasing the
proportional coefficient, we tried to test the
balance response of the robot with respect to the
value of this coefficient, the result of which is
plotted in Fig. 7.

<

Angel(deg)

]
—_
e

Time(sec)

Fig. 6: Control Diagram of the Robot in the First Stage
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Fig. 7: Robot Control Diagram in the Second Stage

In Fig. 7, it can be seen that the presence of the P coefficient on the output graph of the MPU 6050
coefficient without other coefficients and simply sensor.

increasing the P coefficient value to 100 causes

the robot to oscillate sharply and fall. Although it

has an initial balance of up to 2 seconds, we

eventually have the robot fall.

Considering that in the controller, the
proportionality of the P coefficient alone causes a
large error and, as a result, a large signal to the
input, therefore, in Fig. 7, an equilibrium is
initially created, which, as the error increases or
the difference between the angle value and the
angle, a large signal reference is created and
applied to the wheels, and therefore the robot
falls.

London Journal of Engineering Research

Therefore, we must also use other coefficients,
and for now, we will suffice with this 2-second
equilibrium for the P coefficient value and observe
the effect of other coefficients on the robot
balance control.

In the third step, we use the integrator coefficient
or I with a value of 60 for the controller and set
the coefficient value to 100 and the derivative
coefficient or D to zero to measure the effect of the
integrator coefficient along with the proportional
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Fig. 8: Robot Control Diagram in the Third Stage

Fig. 8 shows the robot's strong oscillation again
around the balance point and the possibility of the
robot falling with the slightest impact. In this
stage, along with the proportional coefficient, the
integral coefficient was also used. The desired
result, which is the robot's balance around the
zero point, was not observed and severe
oscillations were applied to the robot and the
controller could not maintain the robot's balance.
In the fourth stage, we use the value 100 for the

6_

proportional coefficient and 400 for the integral
coefficient. Fig. 9 shows the robot's balance
diagram around the balance point. It is true that
the integral coefficient creates the robot's balance
around the robot's balance point with a
permanent oscillation, but in a two-wheeled
robot, the goal of balance is to settle down and the
robot's balance angle tends to zero, which is not
possible with the proportional-integral coefficient
according to the results obtained.
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Fig. 9. Robot Control Diagram in the Fourth Stage
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In this stage, by adding a derivative coefficient to
the proportional-integral controller, we seek to
reduce the robot's oscillations and the robot's
ability to respond to impact input to maintain
balance.

For fast response and large torque against impact,
we increased the proportional coefficient to 120
and used the same integral coefficient of 400 so
that oscillations do not increase, and we applied a
derivative coefficient of 1. The equilibrium
diagram in Fig. 10 is drawn for the robot with
these control values, which shows the reduction of

oscillations and the robot's tendency to maintain
balance.

In the sixth stage, by only increasing the
derivative coefficient to 3.5 and keeping the other
values constant, we see in Fig. 11 that the robot
has found a smaller amplitude of oscillations
around the equilibrium point. But it still has not
found complete equilibrium around the
equilibrium point, meaning it has oscillations in
place. We used all the coefficients in the stage, but
we still need to modify and change the coefficient
whose high value can cause the robot to oscillate.
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Fig. 10: Control Diagram of the Robot in the Fifth Stage

Design, Construction and Performance Comparison of Fuzzy Logic Controller and PID Controller for Two-Wheel Balance Robot

© 2025 Great Britain Journals Press

London Journal of Engineering Research

Volume 25 | Issue 1 | Compilation 1.0



6
— T~ s s
@
=
©
o
c
<
-6
-121
-18 :
0 ’ 3
Time(sec)

6_

.

Fig. 11: Robot Control Diagram in the Sixth Stage

In the last stage, by reducing the value of the Fig. 12, the robot even reaches equilibrium. At this
integral coefficient to 3.5, the amplitude of stage, the remaining coefficients have the same
oscillations is greatly reduced and according to value as before.

o
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Fig. 12: Robot Control Diagram in the Seventh Stage

Using the trial-and-error method and repeated seen in Fig. 13, and brought better stability and
iterations, we finally reached a desirable result for stability to the two-wheeled balancing robot.
the PID coefficients, the results of which can be
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Fig. 13: Robot Control Diagram in the Best Result Obtained for PID

In Fig. 13, the output is the final output and the
balance angle of the robot, and the reference
diagram is the balance line. The control signal is
the PWM signal sent from the Arduino
microcontroller to the motors. As can be seen, the
control signal is in the opposite direction of the
control signal at any moment, and this process
will continue until equilibrium is reached.
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Fig. 14: Balance Diagram of PID Controller on Two-Wheeled Balancing Robot with External
Disturbance

Fig. 14 shows the reaction of two-wheeled
balancing robot to impact with PID controller and
the coefficients obtained in Fig. 13. As can be seen
from the diagram, by applying impact to the
robot, the robot takes about 12 seconds to reach
equilibrium, but it does not overturn and regains
its balance due to the movement and torque of the
motors opposite the angle of the robot.

According to the output diagrams from the MPU
6050 sensor of the robot with PID controller, the
result obtained is that we need all three

coefficients to control the robot, and all three
coefficients must be obtained by trial and error or
by other methods that can optimize the PID
coefficients. The experimental method is a very
tedious method and may not achieve the desired
result, and it is better to use the PID method
together with other methods. On the other hand,
the type of motors used, the gearbox backlash,
and the design of the structure can be other
factors that complicate the control of the robot.
On the other hand, this method is not resistant to
impacts and uneven surfaces, despite not
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reducing the control error to below one degree,
but it has the ability to control and respond
quickly to impacts.

3.2 Result of the Fuzzy Controller

By applying a fuzzy logic controller that has a
nonlinear nature, we have tried to compare the
results of the linear PID controller with the
nonlinear fuzzy controller. In this controller, we
used the Mamdani method with trapezoidal
functions and obtained the values of the functions
by trial and error according to the PID controller.
Here, we have presented the graph of the best
results for the fuzzy controller.

Fig. 15 is the result of the fuzzy control on the
balance of the two-wheeled balance robot. As can

be seen, the robot reached equilibrium within two
seconds. This controller, with its nonlinear
nature, has been able to balance the nonlinear
system of the two-wheeled balance robot well.

Fig. 15 is the initial balance of a two-wheeled
balancing robot on which the fuzzy control
algorithm has been applied.

3.3 Comparison of Results

In the research, we want to make a comparison
regarding the performance of two PID and fuzzy
controllers applied to the robot because two
controllers on the robot cannot perform the
control action at the same time.

-Output(deg)
- refrence(deg)

Signal(deg)

Time(sec)

—refrence(deg)
—Cantrol signal

-10- l

-12 [ [ I

—

4
Time(sec)

Fig. 15: Fuzzy Control Balance Hairpin on a Two-Wheeled Balancing Robot
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In Fig. 16, we have brought both balance diagrams
of the robot from Figs. 13 and 14 together so that
the comparison can be done easily and accurately
and the result of the comparison between the two
fuzzy and PID controllers can be easily seen.
Therefore, it can be seen that although the PID
controller has been able to maintain the balance
of the robot, this balance is not complete and
sometimes the robot goes out of balance and the
robot is oscillating and vibrating around the

2.5

o
L%

Signal (deg)
L S~

&

o

n
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na-
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balance angle and even compared to the fuzzy
controller whose result is shown in Fig. 14, it has
not reached balance quickly. This is because the
fuzzy controller reaches equilibrium much faster
and stands completely still and without oscillation
at the equilibrium point. This is because the fuzzy
controller uses human logic (but) and (if) in the
control discussion and has inherent flexibility in
controlling nonlinear systems.
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Fig. 16: Comparison Diagram of Balance of Two-Wheeled Robot with Fuzzy and PID Controllers and in
Initial Start Mode

V. CONCLUSION

The two-wheeled balancing robot system is such
that it is involved in many factors to achieve the
balance of the robot, including the unevenness of
the surface below, the tilt of the robot, the friction
surface between the wheels and the surface below
the wheels. All of these factors cause a mismatch
between the output and input applied to the
wheels (the same torque applied by the motors.

Therefore, despite the nonlinear nature of the
system in this study, we have considered the
system in a linear range. However, due to the
nonlinear nature of the two-wheeled balancing
robot system, as can be seen, the fuzzy logic
controller shows much better performance than
the PID controller in the results section and the
balance of the robot is maintained without

oscillation. On the other hand, the adjustment of
values in the fuzzy controller is done much faster
than the PID controller in this study, and this is
one of the other advantages of the controller. It is
fuzzy. The fuzzy controller, with its nature of
being close to human logic, shows high flexibility
in behavior and decision-making, just as humans
are very successful in maintaining their balance
when walking, standing, or receiving an impact,
etc. Because it does not operate in a zero-one logic
in decision-making and has a logic similar to fuzzy
logic, in fact, fuzzy logic reflects the logic of
human behavior when making decisions, and this
research shows this issue well by comparing the
results that only three fixed coefficients in PID
have less ability than fuzzy logic in controlling the
balance of a two-wheeled robot.
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A two-wheeled balancing robot uses less energy
than other wheeled robots and has advantages
such as high maneuverability in a small space due
to rotation, the ability to increase capabilities such
as recognizing the surrounding environment and
other unique capabilities. The need for study in
the field of balance control is still felt. Therefore,
this research focuses more on the balance of the
robot, and the research results show that the
balance of the robot can be well maintained by
applying optimal controllers.

These types of robots can function as humanoid
robots by upgrading the robot structure and
adding processing and images to identify the
surrounding environment and various sensors
and sound recognition algorithms, and can be
used as assistants for the disabled, or by changing
the shape of the tires and using powerful
actuators, they can also be used in uneven
environments. One way to increase the ability to
maintain balance in two-wheeled robots is to use
learning algorithms along with a controller to
increase the flexibility of the robot and the ability
of the robot to encounter balance-disrupting
factors each time.
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Stamp Tests of Loess Soil Samples in a Tray

LUTAMMNOBbIE NCIMbITAHUA OBPA3LIOB JTECCOBbIX TPYHTOB B JTOTKE

Dr. Aigul Budikova

AHHOTALNA

s  ycaosuil  cmpoumenvcmea, — koeda
Heobxo0umo onpedeaums 0HUIAEMYIO BEAUUUHY
npocadku coopyxceHuil HeboNbLWOT WUPUHBL HA
NECCOBbIX  OCHOBAHUAX 60AbWOU MOWHOCMU,

umerwux obaacmbv 3amavusaHus  boavwe
naowaou nodowiswl ux dyHoamenma
ecaedcmeue daumenvbHO20 YBAQHCHEHUS
PuUNLMPAYUOHHBIM NOMOKOM, MOOeAb Komnpec-
CUOHHO20 cocamus 0ns onpedeneHus
OMHOCUMEAbHOL npocadku cmaHosumcs
Henpuem.1emoul.

Kpome mozo, npu onpedeneHuu omHocumenvbHoll
npocadku no pe3yabmamam KOMNPeCcCUOHHbIX

ucnsimaHuil npednoanazaemcs, HMO 2pYHM
N1€CC08020  OCHOBAHUA  NPU  YBAAHCHEHUU
dedpopmupyemcss MOAbKO 8 BePMUKANLHOM

HanpasieHuu, 060ko6ble Odedpopmayuu 2pyHma
om Oelicmeus 20pU3OHMANLHBIX COCMABASIOUIUX
YNAOMHAWUX HANPAXCEHULl NPU  3MoM He
npuHumaromes 60 eHumaHue. OO0Hako, Kak
noxasvlearom pe3yabmamnwl cpasHeHus
paciemos MHo2ux uccaedosamenetl oxcudaemotl
npocadku c HaMypHbLMU JdaHHbIMU,
KOMNPECCUOHHbLe ucnvimaHus darom
3aHUMCEHHble  BEAUYMUHBL  OONOAHUIMEAbHBIX
degpopmauuil coopyxceHuil, 803HUKAOWUX NPU
YBAANHCHEHUU UX NECCOBBIX OCHOBAHULL.

ABSTRACT

For construction conditions, when it is necessary
to determine the expected amount of subsidence
of small-width structures on high-capacity loess
bases having a soaking area larger than the area
of the base of their foundation due to prolonged
moistening by filtration flow, the compression
compression model for determining relative
subsidence becomes unacceptable.
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In addition, when determining the relative
subsidence based on the results of compression
tests, it is assumed that the soil of the loess base is
deformed only in the vertical direction during
moistening, while lateral deformations of the soil
from the action of horizontal compacting stresses
are not taken into account. However, as the
results of comparing the calculations of many
researchers of the expected subsidence with field
data show, compression tests underestimate the
additional deformations of structures that occur
when their loess bases are moistened.

Asmop: MospanieBHa, KaHAUAAT TEeXHUYECKUX
HayK, aCcCcOIMPOBAHHBIN mpodeccop,
KpI3pUtopinHCKUN yHUBEpCUTET UMeHN KOpKbIT ATa,
ropox Keisputopaa, Pecrybiimka KazaxcraH.

Author: Budikova Aigul Moldashevna, candidate of
technical sciences, associate professor of the
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. INTRODUCTION

BeprukasbHasg mpocasouHas Aedopmarys 1o
pexkomeraanusam CII (ceox mnpaBuwin) u BCH
(BemOMCTBEHHBIE H  CTPOUTEJIbHBIE HOPMBI)
MTO/ICUUTHIBAETCS 10 MOJIEJIU KOMIIPECCHOHHOTO
CcKaTUs (6es BO3MOKHOCTH OOKOBOTO
pacmipeHus) HeOOJBIIOW MOIIHOCTH  CJIOS
TPYHTA IO, NO0MIBOU QyHZaMeHTa COOPYKEHU.
[Ipu sTOM mpexamonaraercs, 4YTO 3aMaYMBAHHE
MPOUCXOJIUT TOJIBKO TIO7] TIO/IOMIBOY (hyHaMEHTA,
a MOIITHOCTH JIECCOBOTO OCHOBAHUS HEBEJINKA, TAK
Kak B KOMIIPECCHOHHOM IpuOOpe OTHOIIEeHUE
BBICOTHI oOOpa3ma K ero jguamerpy h/d=
=3,7/8,75=0,42cM.  JI71A yCJIOBHH CTPOUTEJIHC-
TBa, KOT/Ia HEOOXOAMMO ONPEAETUTD OKHU/IAEMYIO
BEJIMYMHY IPOCAJAKH COOPYKEHHUN HEOOBIION
IIUPUHBI HA JIECCOBBIX OCHOBAHHAX OOJIBIION
MOIIIHOCTH, HWMEIOIUX 00JIacTh 3aMavYUBaHUA
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OoJibIlle TUIOIIAAM TOJIOMIBRI WX (yHIAAMEHTa
BCJIE/ICTBUE JUTITEJTBHOTO YBJIQKHEHUS
pmIbTpaIIOHHBIM IIOTOKOM, MO/IeJTh
KOMIIPECCHOHHOTO CXKaTHA JUIsL OIpeJesieHus
OTHOCHUTEJIbHOMN MIPOCAJIKU CTAaHOBUTCA
HenpuemseMmoil. Kpome Toro, mpu omnpeneaeHun
OTHOCUTEJIbHOW TMPOCAJIKU II0 pe3ysbTaram
KOMITPECCUOHHBIX HCIBITAHUN ITPeAIoIaraercs,

4yTO  TPYHT  JIECCOBOTO  OCHOBAHUA  IIpHU
yBJIQKHEHUU  Jedopmupyerca  TOJBKO B
BEPTUKAJIBHOM HaIlpaBJIeHNUH, OOKOBBIE
JedopManuu TPYHTA oT JleiCTBUA

TOPU3OHTAJIbHBIX COCTABJ/IAIOIIUX YIUIOTHAIOIINUX
Hal'IpH)KeHI/Iﬁ IIpu 9TOM HE IIPHUHUMAIOTCA BO

BHUMAaHHE. OpxHaxo, KaK MMOKa3bIBAIOT
pe3yJibTaThl ~ CPaBHEHUS  PacyeToB  MHOTHX
uccaeoBaTeNIell  OXKUJIAeMOW  IPOCAJIKU  C
HATYPHBIMU JaHHBIMU, KOMITPECCHOHHBIE
WCIBITAHUSA  JAIOT 3aHIKEHHBIE  BEJIUYHHBI
JIONIOJTHUTEJIBHBIX ~ ZlepopMaIiuii  COOpy:KeHUH,

BO3HUKAOIIUX TPU YBIAKHEHUH HX JIECCOBBIX
OoCHOBaHMH [2].

PesynbTaThl HCCIIeOBAHNHT MPOCAOYHBIX
JedbopManii MHOTUX YYEeHBIX ITOKa3aJiu, 9YTO HUX
XapakTep B3aBUCUT OT IITUPHUHBI  ITOJOIIBHI
dynnamenTa coopyxkenus. [loa pacruiacTaHHBIMHA
COOPYKEHHUSIMU  TIPOCAZIKa IPOUCXOAUT 0e3
OOKOBOTO PpacCHIUPEHUsI U B 3TUX YCJIOBUAX
KOMIIPECCOHHBIE MCIBITAHUS JAIOT PE3YJIbTAThI,
COIIOCTaBUMBIE C Harypoil. Ho 1mop y3kumu
dbyHmamenTamu JnedbopMarus MPOCAJIKU
IIPOUCXOJIUT ¢ OOKOBBIM BBIMOPOM TpyHTa. Kak
IIOKa3aJl  ONBITHl, IIpoBefeHHble H. H.
®posoBeiM  [2],  dakTmyeckas  mpocaaka
coopykennii (B r. Hukomnose) okazanach B 2-2,8
pasa 6oJsipllle, YeM pacyeTHas C YYETOM J[AHHBIX
KOMIIPECCHOHHBIX HCIbITAaHUHU. [IpuynHy Takux
HECOBIIQJIEHUW aBTOP OOBSACHSET HaJTUYUEM
OOKOBOT'O BBIIIOpPA TPYHTA, HE YUUTHIBAEMBIM IIPH
pacuere. CiemyeT, OJHAKO, OTMETHUTH, UTO
CpaBHEHHE BEJIMUNH BEPTHUKAJIbHBIX u
TOPU3OHTAJIBHBIX IEepPeEMEIeHUi, II0 JaHHBIM
C.I'.IOpuenko [1], mokasbiBaer, 4To OOKOBBIE
repeMenieHus 3HAYUTEILHO MEHBIIIE
BEPTUKAJIBHBIX U COCTaBJIAIOT OKOJIO 15% OT UX
BEJTUUMHBL. PacxoxieHrne Mexay (pakTUIecKuMU
U PACYETHBIMU BEJUUYMHAMHU IIPOCAJAKU aABTOP
0OBSICHSIET TEM, UTO IPOCAJIKA 10 CBOEU IIPUPO/IE

HOCAT SIBHO IUIACTUYECKHH XapakTep, a He
sBisiercsi  AedopMaliied  YIUIOTHEHHs, Kak
NPUHATO B HOPMATHUBHBIX JIOKyMEHTaX, WU,
CJIeTOBAaTEIbHO, KOMIIPECCHOHHBIE IPHOOPHI HE
CIIOCOOHBI MOZIETUPOBaTh PaboTy rpyHTa B (haze
IUTACTUYECKUX JiehopManuii [4].

Insa upubimkeHUs: MoJieidn  J1ab0OpaTOPHOTO
HCCIEIOBAHUS TIPOCAIOYHBIX CBOMCTB JIECCOBOTO
IPYHTa K PeajbHBIM YCJIOBUAM HUX PabOTHI IO

HEIINPOKUMU THIPOTEXHUYECKUMU
COOPY?KEHHUSAMHU THAPOMETHOPATUBHBIX CHCTEM H
Ul TIOJydeHHs  KA4eCTBEHHOHW  KapTHHBI
ne(OpMUPOBAHHOTO  COCTOSTHUS 006pasios

JIECCOBOTO TPyHTa TIIOCTe WX 3aMayUBaAHUSA IOJ
Harpy3KOd HaM¥ ObLIH IIPOJEJIaHBI IIITAMIIOBbIE
HUCHBITAHUA TAaKOT'O I'PYHTA B JIOTKE. [I0CKOJIBKY B
peaJibHOM TPYHTOBOM OCHOBaHUU 10/,
COOpY?KeHHEM (B 3aBHCHMOCTH OT COOTHOIIEHWUS
CTOPOH TIOZOIIBHI (PyHIAMeHTa U CKUMaeMOun
TOJIIIIHA TPYHTA), KPOME KOMITPECCUOHHOTO, MOKET
ObITh U JApyroe nedOpMalnMOHHOE COCTOSIHHE C
BO3MOXKHOCTBIO OOKOBOTO paCIIUpPEHUs TPyHTA U
00J1aCThI0 3aMauyMBaHUs 32 Ipe/ieJlaMH KOHTYpa

dynmamenTta, HeoOXoAMMO OBLIO  pa3mMephl
OCHOBAHHUA I10/, ImTaMIIOM, UMHUTHUPYIOITUM
IOJOLIBY dysnamenTa CTPOUTETBHBIX

COODPY?KeHHH, IPUHATh B HECKOJIBKO pa3 0oJibllle
pasMepoB IITamMma Kak B IIHPUHY, TaK U B
mIyOMHY /I TOro, 4TOObI He OBUIO BIIHAHUA
CTEHOK U JIHA JIOTKA Ha BO3MOKHOE PaCIINpPeHHe
TpyHTa IO/ JIEHCTBUEM HATPY3KU W YBJIAKHEHUS

[2].

Tax kak B JIOTKe JJId IITAMIIOBOT'O HCIIBITAHUA
HCIIOJIb30BAJINCh 00pasIibl HATYPHOTO TpyHTa
€CTECTBEHHOH CTPYKTYphl M HAIpPSDKEHUsS O,
mepe/ilaBaeMble IITAMIIOM Ha OCHOBAaHHE, PAaBHBI
PE€AJIbHBIM, TO 1 €I0 OTHOCHUTEJIbHAA I[e(bOpMaIII/IH
€4 OyZIeT COOTBETCTBOBATh PEAIbHOM.

Hamu ObuTH TpoOsiesiaHBI /IBA BUJIA HCIIBITAHUSA
00pas1oB JIECCOBOTO TPYHTA B JIOTKE:

1. HMMwuranus naocKoN MoJIesIN COOPYKeHU.

2. VMurtanyss  OCeCHMMETPUYHOU  MOZETU
COOPY KEHHS.

B 1mepBoM ciyyae JIOTOK HMeJ pa3Mepbl

bxlxh=10x55x60cM; mTamMII HWMeJT pa3Mepbl

10X10CM, MIMPUHA JIOTKA ObUIAa paBHA IIUPUHE
LITAMIIAa, HUMUTHPYIOIIETO IIMPUHY IIOJIOLIBBI
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COOpPY’KEHHMs, a JJIMHA JIOTKA ObLIa NMpUHATA B
STh pa3 OoJIbIlle MIMPHUHBI IITaMa. Bo BTopoM
cJIydae JIOTOK uMeJs padMepbl bxlxh=30x42x45cm
U I TepeJadyd  HArpy3Kd — HA  TPYHT
HCIIOJIH30BAJICA KPYIJIBIM  IITAMII J{HAMETPOM
d=7cm.

Bricora 00pasmoB JIECCOBOTO CyIJIMHKA ObLIa
paBHa 35CM, HWKE JIOTKA OBLIM 3aIOJTHEHBI
IIJIOTHBIM MEJIKHUM IIE€ECKOM. Pasmepbl JIOTKOB (a,
cjieaoBaTeJIbHO, 1 MOHOJINTA rpyHTa) Ha3HAUYE€HbI
TAKOBBIMHM, YTOOBI OHH  COOTBETCTBOBAJIH
BO3MOXKHBIM KOHTypaM 3aMauyMBaHHs TPyHTa
OCHOBaHHA OT HWMHUTHPYEMOI'O OTHOCHTEJIbBHO
HEITUPOKOTO THAPOCOOPYKEHH.

Omna cropoHa JIOTKOB ObLjla BBITIOJIHEHA U3
IIPO3PAaYHOTO Oprcreksia. B JIoTok momermasncs
obpazer] HAaTypHOTO TPYHTa B BH/Ie MOHOJIUTA B
€CTeCTBEHHOM II0 OpHEHTAIluu cocTosHuu. Ha
HHHGBOﬁ CTOpOHE€ MOHOJIUTA, HpI/IMbIKaIOIIIeﬁ K
OprcTekily, Ipex/e 4eM IOMeIaTh ero B JIOTOK,
HAHOCWJIACh  HECMbIBaeMOM  KpacKOM  CceTKa

pasmepamu 2x2cM. Bo usbexxaHwe 3aCTEHHOU
bmrbTpan mEpeHAsT MOBEPXHOCTh MOHOJIUTA
TS

THIATEJIbHO BbIpaBHHBAJ/1dChb HauboJiee

IUIOTHOTO TIPWJIETAHUA K JIMIEBOH CTOPOHE
amuka. IIpo3pauHas cTeHKa HeoOXoAMMA JJif
BO3MOXXHOCTH  BU3YJIBHOTO  (PUKCHUPOBAHUA
U3MeHeHHUs KOHTypa IMPOMadyMBaHUA I'PYHTOBOTO
OCHOBAHHUA IO/ IITAMIIOM, a TaK:Xe U3MeHeHue
ero  7edOopMaTUBHOTO  COCTOSIHUA  IIOCTe
MPWIOXKEHUsI K HEMY Yepe3 IITAaMII IIOCTEIIEHHO
VBEJTUUHUBAIOIIEHCS CTyneHAMH Harpy3ku. JIoTok
pasMemanici Ha METUUIMYECKOM CTOJE C
HATPy30YHOU CHCTEMOM, MTO3BOJISIOIIEN
IepeziaBaTh Ha oOpaser] TPyHTAa HATrpPy3Ky TakK
Ha3bIBa€MBIM «MEPTBBIM TIPYy30M» CTYHEHIMH,
HauuvHasg C P=0,0065MIla, uepe3 KeCTKUI
mITaMn ToJmUHON t=1cM. [llTamn ¢ Harpy304HOH
CUCTEMOH COeUHAJICA JKecTKo. /[y 3ameposB
IepeMeIneHus JIECCOBOTO rpyHTa oT
HAarpy3Kd W TIPU 3aMadynBaHUU TPUMEHSINCH
nporubomepst JIMCU. OO6masa kaptuHa -
ne(OopMUpOBAaHHBI TPYHT - CHHMAajaach Ha
KasbKy U dotorpadupoBasiack. Ha pucynkax 2.2,
2.3, 2.4, 2.5 W 2.6 TMOKa3aHbl CTeHJ WU
HUCIBITYeMBbII TPyHT B HeM /IO U IIOCJie
Harpy»KeHUs U 3aMavYuBaHusd [1].

PUC)/HOK 1 BI/III YCTaHOBKH 1 MOHOJIUT JIECCOBOTO TPYHTA A0 HAIrpy>KE€HUA U 3aMa4YuBaHUA

Stamp Tests of Loess Soil Samples in a Tray

© 2025 Great Britain Journals Press

London Journal of Engineering Research

Volume 25 | Issue 1 | Compilation 1.0



London Journal of Engineering Research

a)

6)

PucyHok 2: a) kapTuHa Ae(opMHpPOBaHUS JIECCOBOTO TPYHTA MIPU 3aMauyUBaHUH

rocsie Harpy»keHus p=0,1MIla, wy=16% (110cKas Moiesib); 6) BUA IJIOCKOH MOJEJIH CBEPXY

a) — mpu Harpy3ke p=0,02MIla

6) — npu Harpy3ke p=0,08MIla

PucyHoK 3: Busi oceciMMeTpUYHON MO/IETU CBEPXY

ITocste  CcyTOK  KOHCONMUZAIIMM TPYHTA  IIOJ
Harpy3kod U CHATHSA HAYaJIBHOTO OTCYETa II0
WH/INKATOPY BOKPYT IITaMIIa 3JTMBAJIOCH CTPOTO
JIOBUPOBAHHOE KOJWYECTBO BOAbl. KoonuecTBo
BOABI OIpENENsJOCh C YyYeTOM HW3MEHEHHUs
IIOPUCTOCTHU 00pasmos rpyHTa mocJie
3aMavyuBaHuA. /1711 5TOro B3BEUIMBAJIU MOHOJIUT
TPYHTa MPHUPOJHOU BJIAXKHOCTH, IIOMEIIAEMBIN B
JIOTOK, My,=22770T U OIIpeJIesIsAIN Maccy YacTHUIL:
m,=p,V,=2,73X7804,5=21306,2, T.

B rTabmmme 1 mOKa3aHO KOJIMYECTBO BOJIBI,
KOTOpO€e J[OJIMBAJIOCh B JIOTOK /I IIJIOCKOH
MO/iesIM TIpY 3aMavyuBaHUU oOpasma /10 Hy>KHOU
BJIQKHOCTH:
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TabAuya 1 KOJIMYECTBO BOJBI JIOJTUTOM B JIOTOK JIJISI TVIOCKOHM MOJIEU IIPpU 3aMayuBaHUM 0Opasia

BiiaxxHOCTH 3aMOYEHHOTO

TPYHTa, Wy, %

II1ockast Mogesb

Macca [0JIUTOH BOABI, M, KT

OCECI/IMMeTpI/I"IHaH MO EJ/Ib

16 1,045 2,55
21 3,010 3,98
26 4,075 5,98

IIpu aTOM NMPOU3BOAUJICA OTCYET 110 UHIUKATOPY
JUIL  OIIpeJleJIeHUSA  BEeJIMYHUHBI

MMPOIBHKEHUEM  KOHTYypa

IITaMIIOM BI‘J'IY6I) MOHOJIUTA IIO KOOpZ[HHaTHOfI

npocagku. C
VBJIQYKHEHUS  TIO/T

CeTKe OIpeesislach MOIIHOCTh 3aMOYEHHOI'O
cost. PesysnbTaThl SKCIEpUMEHTA IIPH Pa3HbBIX
3HAYEHUSX JIaBJIEHUs U BJIAKHOCTU IIPHUBEIEHBI B
Tabaulie 2.

Tabauya 2: Pe3ynbrathl JaOOPATOPHOTO UCIIBITAHUS 00pa3Iia B JIOTKE ITPU Pa3HbIX JAaBJIEHUAX U

BJIQKHOCTH
BnaxxkHocTh IIpocanka nmpu pa3HBIX JaBIEHUAX S, CM,
w, % p=0OMIIa p=0,05MIla  p=0,1MIla
8 0] 0,3 0,5
16 0,7 1,4 1,8
21 1,8 2,7 3,1
23 2,5 3,7 4,9
26 4,2 6,1 7,9
Kpome TOro, IpOBOAWINCH  OIpeAeIeHHsl MCIBITAHUAX UX B IIJIOCKOU U B OCECUMMETPUYHOU
BEJIMYMH  OTHOCUTEJIPHOW  IPOCAaKA  TNpPH MOJEJIAX. PesynbraThl SKCIIEPUMEHTOB

HUCTIBITAHUAX O00pa3loB JIECCOBOTO CYIJIMHKA,
3aMOYEHHBIX [0 PAa3JUYHBbIX BJIAYKHOCTEH, IIPH

MIPUBEJIEHBI B TAO/IHUIIE 3.

TG6/\UL{C7 3’ BenuuuHbI OTHOCHUTEJIbHOU IIPOCAaAKH, IIOJIYd€HHbIE ITPU UCIIbITAHUAX JIECCOBOTO CyTJIMHKa

Ha pa3/INYHbIX MOJEJIAX

OTHocHuTeNbHASA IIpocCagKa €; IMIPU UCIIBITAHUAX I'PYHTA B IIJIOCKOM MOJEJIN
1 0CECUMMETPUYHON

p=0oMIla p=0,04MIla p=0,05MIla p=0,1MIla p=0,2MIla
w, %
I1J1I0C oce- I1IJI0C- oce- IIJIOC-K oce-c I1JI0C-
oce- I1IJI0C- oce-cumM
-Kad CHUM Kad CHUM asg UM Kada
CHUM Kad
8 0 0 0,55 0,75 1,9 2,3 2,5 3,4 3,1 5,3
16 0,3 0,4 1,6 1,9 2,9 3,4 3,7 5 4,3 7,5
21 0,5 | 0,61 2,5 2,7 3,7 4,5 5,2 6,8 8,7 9,4
23 0,71 | 0,71 3,9 3,6 4,5 4,5 7,6 7,6 10,5 11,7
26 0,92 | 0,92 4,2 4,7 4,9 5,1 8,5 9,2 12,9 13,5

London Journal of Engineering Research

Kak mokasajsia packoIlka TPyHTa B JIOTKE IIOCTIE
3aBepINEHUs] HKCIIEPUMEHTa, BJIAKHOCTh TPYHTa
cpasy IOJ MOJONIBOM IITaMIIA U YyTh HHXKE OT
Hero ObLIa OOJIBIIE BJIAXKHOCTHA HUMKE JIEXKAIUX
cioeB TpyHTa. Kak BHAHO W3 PHCYHKHA 1,2,3
00J1aCcTH IUTACTHYECKOH AedOopMaIii BO3HUKAIOT
MpEesK/ie BCEro cpasy IOJ IITaAMIIOM U IO/ KpasiMHU

ero u Jajiee IO Mepe IPOABUKEHUSA (POHTA
yBIaKHEHUs 06J1acTh /1e(pOPMHUPOBAHHOTO TPYHTA
pacupocTpaHseTcsi BHU3 Ha IVIyOWHY, PaBHYIO
MPUMEPHO 2,5B U Ha 1,5B B KAXK/IYIO CTOPOHY OT
[ITaMIIa, I7ie B- ITUPUHA IITaMIIA.

Kak nokasas
5KCIIEPUMEHTOB,

aHau3
CYIIIECTBYET

pe3yJIbTaToB
npezfieJIbHOe
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3HaueHHe BJIAXKHOCTH, IIOCJIe  JTOCTHXKEHUS
KOTOpPOM BesnnumHA JleopManuy TPyHTa PE3KO
BO3pACTaeT U IIPOUCXOJUT IVIACTUYECKOe TeUeHNe
rPYHTa, XOTsd Harpyska Ipy 3TOM He
yBeJIMuMUBajgach U oOcTaBajach IOCTOAHHOHU. Ilo
JIOCTV>KEHUM STOM BJIQXKHOCTH IITaMII  Pe3KO
ONyCKaeTcs BHU3 U BOKPYT HETro 00pasyloTcs
Oyrpbl BeImupaHusA. [IpuueM Takas ke KapTHHA
Ha0JII0/laeTcA Kak IMPU UCHOBITAHUH  JIECCOBOTO
rPpyYHTa B IUIOCKOM JIOTKe, TakK MW IIpU
OocecCHMMEeTPUYHOM ucnblTaHuu (pucyHka 3(0).
IIpu 3TOM, Kak IIOKa3aju JKCIEPUMEHTHI,
KapTUHA  paspylleHusaA  IpU  JOCTHUKEHUU
KPUTHYECKOU BJIQYKHOCTH w=19% B
OCeCUMMETPUYHOM  JIOTKE  HACTyllaeT  IIpU
Harpyske p=0,07MIla, a 1p¥ HCOBITAHUU B
IUIOCKOM  JIOTKE  3HaueHue  KPUTHUYECKOU
BJQXKHOCTH MayJio MeHsaeres (w=16%), a
KpUTHYecKas Harpyska yBeJIU4uBaeTca [0
3HaueHus p=0,1MIla. /lanbHelllee yBeTUIEHUE
BJIQX)KHOCTHU BBI3bIBAET HeIpepbIBHOE
Bo3pacranue  jgedopManuyd  IJIACTUYECKOTO

T€YEeHHsA, T.e. B OTJIUYHE OT HEMPOCATOYHBIX
TPYHTOB, T/ie TOTEPs MPOYHOCTH HACTYHAeT IpHU
JIOCTHKEHUN BTOPOU KPUTUYECKOU HArpy3KH, B
JIECCOBBIX TPYHTaX pas3pyllleHHe HACTyHaeT He OT
VBEJIUUEHUs Harpy3kd, a OT JOCTHKEeHUS
BJIQKHOCTH I'PYHTA KPUTHUYECKOTO 3HaUeHu [1].

Ha mam B3miAA, Takoe TIIOBe/leHUE TPYHTA
oOBsCHAETC  TeM, 9YTO II0  JIOCTHKEHHUH
KPUTHUYECKOU BJIQJKHOCTU TPYHT IIEPEXO/UT B
TeKydee COCTOSHHE U ero Hecylas CIIOCOOHOCTH
pe3Ko  yMeHbIIaeTci  OT  CYIIECTBEHHOTO
YMEHBIIIEHUsS  MPOYHOCTHBIX  XapaKTEPHUCTUK
TPYHTA - YIJIa BHYTPEHHETO TPEHUS ¢ U y/I€JIBHOTO
CIeIUIeHUsA C. A pa3Hble 3HAUEHUS KPUTUUECKUX
Harpy30K IpU Pa3JIMYHBIX CXeMaX JIOTKa MOXKHO
OOBSICHUTh TEM, UYTO IIPA OCECHMMETPUYHOUN
Mo7ienu B JIOTKe €CTh BO3MOKHOCTb
obpazoBaHus OyrpoB BBIIIUPAHUA HE TOJBKO
ceBa W CIpaBa OT INTaMIa, KaK B IUIOCKOM
JIOTKe, HO U CHepeiu U c337u OT Hero, 4To U
yOBICTPSIET HACTYIUIEHHE MOMEHTA Pa3pyIIeHus.
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PucyHok 4. Tedopmarius JECCOBOTO OCHOBAHHUS IIPU HAarpy3Ke

p=0,07MIla 1 wy=19% B 0OCECUMMETPUIHOUN MOJEJTN

HeobxoiuMo OTMETUTh, UYTO KaK IIOKa3aau
SKCIEPUMEHTBI, IPU YBJIAKHEHUU JIECCOBOTO
IPYHTa CYIIECTBEHHO YMEHbIIIaeTcs BeJINYUHA
V/ZIeJIBHOTO CIeIJIeHUs, Tajfjasg IPaKTUYeCKH 0
HyJII, YroJ BHYTPEHHErO TPEHUs IMpPU 3TOM
YMEHBIIIAeTCS HE3HAYUTEJIBHO, YTO OOBACHIETCS
IIPUPOJIOU JIECCOBBIX T'PYHTOB, IZle IPOYHOCTH B

OCHOBHOM 00€eCIIeUYNBaAEeTCS CIEIUIEHUEM MEXK/Ty
YacTUIIAMU TPYHTa, a TpPeHHe MeXJy HHUMU

WUrpaeT HE3HAYHUTEJIbHYI0 pPOJb B CBA3U C HX
OOJIBIIION TOPUCTOCTBI0 M MAaJIOW IPUPOTHOU
IUIOTHOCTBIO [3].
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