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Abstract: This article presents the results of hydraulic tests performed for a prototype gear micropump
of a new design. The development of modern hydraulic systems is following two directions: the
integration of hydraulic and electronic engineering and a reduction in the mass and the dimensions
of the system. The scope of this research involved identifying static characteristics of the prototype
gear pump, i.e., its efficiency, torque and power. The tests were performed for PZ0 pumps with
the following specific deliveries (which are their design parameters), 0.25 cm3/rev, 0.315 cm3/rev,
0.5 cm3/rev, 0.8 cm3/rev, and 1.0 cm3/rev—with two different types of hydraulic oils, Azolla ZS 22
and HL 68. The operating parameters included the rotational speed, the discharge pressure and the
flow rate. The obtained research results suggest an application of the decision tree induction-based
classification method for identifying the most important design and operating parameters and their
values influencing total efficiency. In addition, the article investigates the influence of rotational
speed and specific delivery on total efficiency. The total efficiency translates indirectly into the energy
consumption of the solution. The criterion of energy consumption is a key parameter for ecological
and economical reasons, related mainly to future operating costs.

Keywords: gear micropump; microhydraulics; optimization; entropy; decision support systems; total
efficiency; volumetric efficiency; hydromechanical efficiency

1. Introduction

Modern gear pumps are developed in the following directions: to increase their
working pressures, to improve their total efficiencies, to lower their pressure pulsations, to
minimize their masses and noise emissions, and to reduce the dynamic loads [1–4]. Working
pressures in a hydrostatic system have a decisive influence on its efficiency. A tendency is
observed in modern hydrostatically driven machines and devices to increase the discharge
pressure [5,6] of the displacement units at the cost of reducing the flow velocity of the
working medium [7,8]. Flow velocity has a significant influence on both hydraulic losses in
the ducts and on local resistances [9]. Pumps are among the most popular work machines
and are used in all branches of technology and in all industries. Their designs are based
on a number of various solutions [10]. The share of pumps in electric energy consumption
is estimated to be between 20% and 35%. For the above reasons, the optimization of
pump efficiency seems a reasonable object of research justified by both ecological and
economical reasons [11]. Optimized pump efficiency directly translates into profits for both
the economy and for the natural environment.

In accordance with the commonly accepted definition, a pump is a type of machine
which transforms mechanical energy delivered from the motor into hydraulic energy
accumulated in the pumped liquid stream of the working medium. The most common
type of pumps used in hydrostatic systems are gear pumps, which have been constantly
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developed for the past 400 years. The first such pump is attributed to Johannes Kepler, who
patented his solution in 1604 [12].

Currently, gear pumps are developed in order to reduce delivery non-uniformity,
which may cause malfunctions of the control elements, vibrations and increased noise
emissions of hydrostatically driven machines and devices. The delivery non-uniformity
factor of commercial external gear pumps is an average level of approx. 18%. In comparison
with other displacement units (e.g., piston pumps and diaphragm pumps, with elements
performing progressive and reciprocating movements [13]; vane pumps, with rotating
and reciprocating motion [14]; lobe pumps and screw pumps, similar to gear pumps, with
elements making rotary movements [15]; canned circulating pumps and hose pumps, with
elements making circulating motions [16]), gear pumps have the highest non-uniformity
factor. Pulsation is most effectively and efficiently reduced by using an active method,
i.e., by flattening its instantaneous delivery curve and by lowering the non-uniformity
amplitude of the delivery transmitted to the hydraulic system [2,17–20].

The second important direction in the development of gear pumps is the minimization
of energy losses and increase in transmitted power. It is a tendency aimed at an even
greater increase in the energy efficiency of the generator. The total efficiency of the currently
manufactured gear pumps is at a level of approximately 85–90% (for nominal pressures)
and up to 32 MPa for maximum pressures [21].

Gear pumps began to be used extensively in hydraulic power trains after Roth-Lauck
introduced the axial clearance compensated design in 1936. The increased use of gear
pumps necessitated the development of a design basis. The first empirical and theoret-
ical formulas defining the pump performance of Amman [22], Zass, Falc, Thomy, and
later Judin [23] and Gutbrod [24], appeared. In 1966, a patent was filed by Otto Eckerle
with the U.S. Patent and Trademark Office on an innovation for the time pump design
with radial clearance compensation for externally meshed units (Patent No. US3472170).
A year later, an application to the patent office was filed by G.L. Niell, J.E. Cygnor and
J.G. Sundberg, who proposed nearly five radial clearance compensating designs in patent
no. US3437048. Otto Eckerle was the leading manufacturer implementing radial play
compensation ideas. Within one decade, the company had patented almost ten different
concepts, which were also applied in pumps with internal gearing patents: inner gear
pump patents no: US3525581 from 1968, USRE27901 and USRE27904 in 1968, US3779674 in
1971, US389066 in 1974, US3912427 in 1974, US4132514 in 1977.

Over the years, other solutions appeared from companies such as Bosch (patent
no. US3995975 from 1975), Tyrone Hydraulics (patents no.: US4266915 and WO8101315
from 1979, US4336005 from 1980) and others. Development of new methods of backlash
compensation allowed significant increases in efficiency of generators, above 90%, and
resulted in an increase in operating pressures to 24 MPa. In the 1990s, pumps appeared on
the market reaching pressures of up to 32 MPa, and, additionally, solutions with so-called
zero backlash appeared [25–27].

In the last decade, there have been more and more frequent attempts to undertake
research and production of pumps with special outlines designed exclusively for use in
gear units. This is dictated primarily by the desire to obtain better hydraulic and acoustic
properties. In the group of special outlines, we can distinguish the following pumps with
outlines: Maglotta, Hitosi according to patent No US3164099, Catania according to patent
No US2011/0223051, Klassen according to patent No US8118579, and the CTR [28] or
Truninnger outline.

Despite numerous patents and publications, and despite the fact that gear pumps
are nowadays manufactured in vast quantities, there is still room for improvement as re-
gards technical methods for ensuring optimal internal tightness, maximizing the operating
pressures and minimizing the delivery non-uniformity and noise emissions.

In addition, analysis of the literature regarding currently manufactured gear units,
could indicate that technical methods to ensure optimal internal tightness, maximum oper-
ating pressures and minimum efficiency pulsation and noise emission have already been
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exhausted. However, the performed considerations and our own research, in juxtaposition
with the aforementioned analysis, contradict the thesis of reaching peak analysis of the
operational parameters of modern gear units.

The presented results are a continuation of the author’s research on the application of
non-standard decision support methods to determine the importance rank of structural
and/or operational parameters of newly designed pump types. So far, pumps and entire
series of common gear pumps have been studied. In particular, the work [21] presented
possibilities and methods to reduce performance pulsations and proposal of new design
solutions to increase operating pressures while ensuring high internal tightness. These
tasks required solving a number of technological, design and construction problems. The
research on the prototype gear pump, initiated for example in [29], allowed development
of a discrete optimization method using multi-valued logical decision trees. Discrete
optimization also showed that it is possible to significantly reduce the dynamic load
amplitudes in the pump even at the design stage. At the same time, the obtained results
initiated further research on the optimization of different types of pumps. In [30], an
innovative polyvolute tooth shape was developed using multi-valued decision trees with
weight coefficients. Using multi-valued logic trees, in a further stage, in [19], optimization
of the technology regarding the processing of elements affecting the total efficiency of newly
designed units was carried out. The analysis of dimensional tolerances and shape, in the
end, allowed for the selection of control dimensions: critical, important and unimportant.
The research carried out so far has contributed to the narrowing of dimensional and shape
tolerances where it is necessary, and the lowering of accuracy class in unimportant places.
This has ultimately contributed to lowering the cost of production and increasing the
efficiency of common gear pumps.

Importantly, ref. [21] presents the potential and methods for lowering the delivery
non-uniformity and proposes new design solutions which increase working pressures while
ensuring a high level of internal tightness. These tasks required a number of technological,
design and structural problems to be solved [31–33]. The current work is the initiation of
research on micropumps, for which, so far, no rank analysis of the importance of design
and/or performance parameters has been carried out.

1.1. Gear Pumps in Microhydraulics

A tendency has been observed in recent years to miniaturize hydraulic elements and
systems. A new field of drive systems is emerging—microhydraulics. In classic hydrostatic
drive units, certain type series of nominal values (NV) are used. In the case of valves, the
nominal value is the nominal diameter of the flow-through openings. All hydraulic elements
having nominal diameters smaller than 6 mm (NV < 6 mm) are classified as remaining within
the field of microhydraulics [34,35]. In the case of gear micropumps, the nominal value NV is
calculated as the geometric volume per revolution Vg < 1.2 cm3/rev [36].

Microhydraulic solutions are applied in fields where demand exists for the trans-
mission of high power levels, for smooth movement, and for a significant reduction in
geometrical dimensions. Owing to advancements in their design and development, mi-
crohydraulic systems increasingly often replace pneumatic or electro-mechanical systems.
Moreover, as a result of miniaturization, microhydraulic systems have an advantage over
classic hydraulic systems in every application in which the dimensions or the mass of
a system are significant. This is the case in medical engineering and in medical technology,
e.g., in the drive systems of operating and X-ray tables or of dentist chairs; in the automo-
tive industry, e.g., in servomechanisms used in power steering and brake assist systems,
in automatic gearboxes, in car seat automation; in lifting mechanisms; in the aviation,
chemical, or food industries; and in the dosing of fluids [36].

In this article, the authors present tests of a prototype hydraulic gear micropump PZ0.
The research has been performed under a development grant. Selected fragments of the
research performed as part of this project were also published in [37,38].
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In the first part, the article identifies static characteristics of the prototype gear pump,
i.e., its efficiency, torque and power. In the second part, it presents an application of the
decision tree induction-based classification method for identifying the most important
design and operating parameters.

1.2. Knowledge Management in Terms of Expert Systems

Knowledge discovery in data involves solving many tasks. Publications [39–41] list
the following basic categories of such tasks: classification, regression, time series analysis,
cluster analysis, data summary with descriptions of characteristic classes of objects, analysis
of relationships between the attributes describing the objects, searching for anomalies and
deviations from typical data.

Knowledge discovery has an interdisciplinary character and is based on the results
from the fields of statistics, machine learning, data visualization, databases and processing
of uncertain information (e.g., fuzzy set theory or approximate set theory). Machine
learning and statistics are currently the most important sources of algorithms used in
learning. On the other hand, the specific nature of knowledge discovery in databases
entails new research problems, in the areas of both machine learning and databases.

The development of induction rule algorithms and the evaluation method of such rules
are mainly focused on the classification of new objects. A set of rules is treated as a classifier,
and therefore the classification accuracy and the determination of the importance rank
are the main evaluation measures [42–44]. Some basic categories of classification methods
include individual and compound or complex classification models. The most popular
solutions include inter alia: neural networks, support vector machines (SVM) [45,46],
logistic regression, the naive Bayes algorithm, the k-nearest neighbors (KNN) algorithm,
decision rules [47] and decision trees. A particular mention should be here made of
induction and multi-valued logic decision trees [48].

1.3. Methodology

An expert system consisting of two main programs was used in this paper:

(1) An inductive decision tree generator (a modified DeTreex program was used)
(2) domain-independent rule language tool (a modified PC Shell program was used).

In the analysis, the entropy measure was used to determine the most significant design
and performance parameters as a method for classifying information and generating rules
using decision trees. In generating inductive decision trees, a series of tests performed in
a specific order, where the data samples, as a result of each successive test, are separated
into subgroups of greater “purity”, i.e., containing more and more samples from a given
class only. Then, after applying the method of inductive trees, a rule-based expert system
was used, which compares the hypothesis with the facts collected in the knowledge base
(inductive trees), checking whether among the collected facts there are none that answer
the hypothesis. The system recursively calculates at each split until the maximum depth is
reached. The choice of maximum depth is very important and significantly affects how our
model may under- or over-fit the data. Tree depth analysis allows you to optimally adjust
the criterion function.

2. The Research Object and Test Stand

The prototype unit designed and manufactured as part of this research has a three-
plate design [49], schematically shown in Figure 1. The front plate (1) serves as a means
for attaching the micropump to the drive system. The middle plate (2) contains gears,
slide bearing housings and suction and discharge openings for connecting to the hydraulic
system. The structure is covered by the rear plate (3). The plates are bolted with one
another. They are uniaxially arranged with the use of dowel pins. Two gears rotate in
the middle plate, in dedicated machine-turned openings. The active gear is driven by
a drive shaft (4) and is engaged with the passive gear. A three-plate design is advantageous
for structural reasons (simple shape, convenient arrangement of the pump parts, simple
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attachment and connection to the motor—simple installation), for technological reasons
(facilitated machine working of the pump elements with the use of conventional methods,
convenient inspection of pump elements), and due to uncomplicated assembly (simple
assembly and interconnection of pump elements) (Figure 1).
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Figure 1. Three-plate design of an external gear micropump: 1—front (mounting) plate, 2—middle
plate, 3—rear plate, 4—drive shaft. Cross-section of the gear pump [37].

The investigated pump is an original design manufactured by Wytwornia Pomp
Hydraulicznych Sp. z o.o. in Wroclaw. The tests were performed for five pump units PZ0
having specific delivery (also known in the literature as geometric volume per revolution)
values from 0.25 cm3/rev to 1.0 cm3/rev. Table 1 includes the meshing parameters of the
tested pumps.

Table 1. Meshing parameters [49].

Parameters Symbol and Unit Specific Delivery [cm3/rev]
0.25 0.315 0.5 0.8 1.0

Number of teeth z [-] 14 14 14 14 14
Module m0 [mm] 1 1 1 1 1
Pressure angle α0 [0] 20 20 20 20 20
Addendum height coefficient y [-] 1 1 1 1 1
Addendum modification coefficient x [-] 0.61 0.61 0.61 0.61 0.61
Toothed wheel width b [mm] 2.32 2.92 4.64 7.42 9.28
Axis-to-axis distance a [-] 15 15 15 15 15
Generating-circle pressure angle αt [0] 28.71 28.71 28.71 28.71 28.71

Test Stand

The static characteristics of the gear micropump were identified on the test stand [50]
presented in Figures 2 and 3. The tested displacement pump (1) is driven by a three-phase
Slh80-4B2/PO motor (10) having a power of 0.75 kW, manufactured by Besel S.A. The
motor is provided with an additional windings cooling system, which protects the motor
from overheating when it works at low rotational speeds. The rotational speed of the
motor may be regulated steplessly owing to the use of the SS-01/07-10/PWR switchbox
(11) integrated with an inverter. The system allows the rotational speed of the motor to be
regulated within the range from 0 to 1750 rpm. The tested pump (1) is protected against
overloading by an adjustable safety valve (5). The load on the tested unit is adjusted
with a throttle valve (7). The actual delivery (also referred to in the literature as flow) Qrz
of the pump (1) is measured with the Parker K-SCVF-002-10-07X flowmeter (6), having
a measurement range of 0.01–2.0 L/min. A pressure gauge (8) provides information on the
pump discharge pressure. The torque M on the pump shaft is measured with the SensorAT
MT5Nm-N24 torque meter having a measurement range of ±5Nm. The measurements
were read from the MW2006-2 m. The rotational speed n of the pump (1) was controlled on
the shaft of the torque meter with the use of a magnetic sensor. Figure 2 shows a schematic
diagram of the test stand.
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Figure 3. Test stand [37].

The tests were performed after a test launch of the test stand, i.e., after the operation
of the pump, the safety valve and the readings from all of the measurement devices
had been checked. The measurements were started by setting a defined shaft rotational
speed n = 500, 750, 1000, 1250, 1500, 1750 rpm. The readings were taken for the discharge
pressure pt = 0, 1, 2, 3 . . . 22 MPa. Tests of the static characteristics were performed for the
constant working medium temperature of 40 ◦C and for two types of hydraulic oils: Azolla
ZS 22 and HL 68. The kinematic viscosities of the oil for the set working temperature were
ν = 65.6 cSt for the HL 68 and ν = 22.5 cSt for the Azolla ZS 22, respectively.

As shown in Figure 4, the torque meter was mounted on the shaft of the motor (2)
using the ROTEX GS flexible coupling manufactured by KTR (5). The measuring set
allowed both the torque on the shaft and its rotational speed to be recorded in real time.
The measurements are displayed on the MW2006-2 m. The torque is transmitted to the
tested pump (1) through the KTR ROTEX GS flexible coupling (4).
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A data sheet containing physical and chemical parameters for the Azolla ZS oil group,
including type No. 22, is included in Supplementary Materials File S1.

The measurements of the torque M and of the rotational speed n were performed with
the MT5Nm-N24 set, serial No. 090410, coupled with the Sensor-AT MW2006-2 m, serial
No. 090303, shown in Figure 5.
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3. Hydraulic Tests of the Micropump

The tests were performed for the working medium temperature of 40 ◦C. The tests
were performed for pumps PZ0 having the following specific deliveries (which are their
design parameters): 0.25 cm3/rev; 0.315 cm3/rev; 0.5 cm3/rev; 0.8 cm3/rev; and 1.0 cm3/rev.
Two different types of hydraulic oils were used: Azolla ZS 22 and HL 68. The operating
parameters included the rotational speed, the discharge pressure and the actual delivery.

Selected Measurement Results for the Azolla ZS 22 Hydraulic Oil

Tables 2–4 show representative measurement results of the static characteristics of the
PZ0 pump. Table 3 contains abbreviated measurement results of static characteristics for
the pump specific delivery of 0.25 cm3/rev (serial No. X10050003); Table 4 contains the
results for the pump specific delivery of 0.315 cm3/rev (serial No. X10050005); and Table 5
contains the results for the pump specific delivery of 1.0 cm3/rev (serial No. X10050010).
The complete results for all of the delivery values have been presented in the report [37].

Table 2. Selected results of hydraulic measurements for the PZ0 pump at 0.25 cm3/rev,
serial X10050003 [37].

n
[rpm]

pt
[MPa]

Qrz
[L/min]

M
[Nm]

Nm
[W]

Nh
[W]

ηv
[%]

ηhm
[%]

ηc
[%]

500

≈0 0.085 0.11 5.76 0.24 100.00 4.18 4.18
3 0.058 0.16 8.38 2.90 68.24 50.73 34.62
6 0.029 0.28 14.66 2.90 34.12 57.98 19.78
8 0.006 0.36 18.85 0.80 7.06 60.13 4.24
12 * * * * * * *
16 * * * * * * *

750

≈0 0.133 0.10 7.85 0.38 100.00 4.80 4.80
3 0.104 0.16 12.57 5.20 78.20 52.92 41.38
6 0.075 0.27 21.21 7.50 56.39 62.72 35.37
9 0.042 0.39 30.63 6.30 31.58 65.13 20.57
11 0.017 0.48 37.70 3.12 12.78 64.68 8.27
16 * * * * * * *

1000

≈0 0.182 0.10 10.47 0.52 100.00 4.92 4.92
3 0.151 0.15 15.71 7.55 82.97 57.93 48.06
6 0.121 0.26 27.23 12.10 66.48 66.85 44.44
9 0.089 0.38 39.79 13.35 48.90 68.60 33.55
13 0.027 0.56 58.64 5.85 14.84 67.24 9.98
16 * * * * * * *

1250

≈0 0.229 0.10 13.09 0.73 100.00 5.54 5.54
3 0.193 0.15 19.63 9.65 84.28 58.31 49.15
6 0.162 0.27 35.34 16.20 70.74 64.79 45.84
9 0.126 0.37 48.43 18.90 55.02 70.92 39.02
12 0.081 0.51 66.76 16.20 35.37 68.61 24.27
14 0.022 0.60 78.54 5.13 9.61 68.03 6.54

1500

≈0 0.278 0.11 17.28 0.88 100.00 5.09 5.09
3 0.249 0.16 25.13 12.45 89.57 55.31 49.54
6 0.218 0.27 42.41 21.80 78.42 65.55 51.40
9 0.177 0.39 61.26 26.55 63.67 68.07 43.34
12 0.132 0.52 81.68 26.40 47.48 68.07 32.32
16 0.016 0.75 117.81 4.27 5.76 62.93 3.62

1750

≈0 0.325 0.10 18.33 1.14 100.00 6.21 6.21
3 0.292 0.16 29.32 14.60 89.85 55.42 49.79
6 0.262 0.26 47.65 26.20 80.62 68.21 54.99
9 0.226 0.38 69.64 33.90 69.54 70.00 48.68
12 0.186 0.51 93.46 37.20 57.23 69.55 39.80
16 0.073 0.73 133.78 19.47 22.46 64.78 14.55

* the tested pump did not achieve the given pressure.
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Table 3. Selected results of hydraulic measurements for the PZ0 pump at 0.3153 /rev,
serial X10050005PZ0 [37].

n pt Qrz M Nm Nh ηv ηhm ηc
[rpm] [MPa] [L/min] [Nm] [W] [W] [%] [%] [%]

500

≈0 0.110 0.22 11.52 0.31 100.00 2.71 2.71
5 0.070 0.34 17.80 5.83 63.64 51.49 32.77
10 0.031 0.56 29.32 5.17 28.18 62.53 17.62
11 0.018 0.61 31.94 3.30 16.36 63.14 10.33
20 * * * * * * *
22 * * * * * * *

750

≈0 0.170 0.18 14.14 0.51 100.00 3.61 3.61
5 0.134 0.33 25.92 11.17 78.82 54.66 43.08
10 0.099 0.54 42.41 16.50 58.24 66.81 38.90
15 0.036 0.80 62.83 9.00 21.18 67.64 14.32
16 0.005 0.88 69.12 1.33 2.94 65.59 1.93
22 * * * * * * *

1000

≈0 0.229 0.17 17.80 0.69 100.00 3.86 3.86
5 0.196 0.32 33.51 16.33 85.59 56.95 48.74
10 0.141 0.53 55.50 23.50 61.57 68.77 42.34
15 0.074 0.78 81.68 18.50 32.31 70.09 22.65
17 0.025 0.91 95.29 7.08 10.92 68.09 7.43
22 * * * * * * *

1250

≈0 0.290 0.16 20.94 1.06 100.00 5.08 5.08
5 0.242 0.30 39.27 20.17 83.45 61.54 51.35
10 0.192 0.52 68.07 32.00 66.21 71.01 47.01
15 0.126 0.76 99.48 31.50 43.45 72.88 31.66
19 0.032 1.02 133.52 10.13 11.03 68.78 7.59
22 * * * * * * *

1500

≈0 0.349 0.16 25.13 1.28 100.00 5.09 5.09
5 0.299 0.30 47.12 24.92 85.67 61.72 52.87
10 0.250 0.52 81.68 41.67 71.63 71.21 51.01
15 0.189 0.75 117.81 47.25 54.15 74.06 40.11
20 0.022 1.08 169.65 7.33 6.30 68.57 4.32
22 * * * * * * *

1750

≈0 0.410 0.17 31.15 1.50 100.00 4.83 4.83
5 0.360 0.28 51.31 30.00 87.80 66.59 58.47
10 0.306 0.51 93.46 51.00 74.63 73.11 54.57
13 0.245 0.74 135.61 61.25 59.76 75.58 45.17
20 0.130 1.05 192.42 43.33 31.71 71.02 22.52
21 0.079 1.14 208.92 27.65 19.27 68.69 13.23

* the tested pump did not achieve the given pressure.

Table 4. Selected results of hydraulic measurements for the PZ0 pump at 1.0 cm3/rev, serial X10050010 [37].

n pt Qrz M Nm Nh ηv ηhm ηc
[rpm] [MPa] [L/min] [Nm] [W] [W] [%] [%] [%]

500

≈0 0.376 0.19 9.95 1.38 100.00 13.86 13.86
5 0.297 0.82 42.94 24.75 78.99 72.98 57.65
10 0.201 1.58 82.73 33.50 53.46 75.75 40.49
13 0.066 2.19 114.67 14.30 17.55 71.05 12.47
20 * * * * * * *
22 * * * * * * *

750

≈0 0.565 0.18 14.14 2.45 100.00 17.32 17.32
5 0.487 0.81 63.62 40.58 86.19 74.01 63.79
10 0.391 1.53 120.17 65.17 69.20 78.36 54.23
15 0.176 2.43 190.85 44.00 31.15 74.01 23.05
20 * * * * * * *
22 * * * * * * *

1000

≈0 0.760 0.18 18.85 3.67 100.00 19.49 19.49
5 0.679 0.78 81.68 56.58 89.34 77.54 69.27
10 0.593 1.47 153.94 98.83 78.03 82.28 64.20
15 0.436 2.25 235.62 109.00 57.37 80.64 46.26
18 0.123 2.64 276.46 36.90 16.18 82.47 13.35
22 * * * * * * *

1250

≈0 0.951 0.17 22.25 5.39 100.00 24.22 24.22
5 0.869 0.73 95.56 72.42 91.38 82.93 75.78
10 0.780 1.46 191.11 130.00 82.02 82.93 68.02
15 0.653 2.25 294.52 163.25 68.66 80.72 55.43
19 0.352 3.02 395.32 111.47 37.01 76.18 28.20
22 * * * * * * *
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Table 4. Cont.

n pt Qrz M Nm Nh ηv ηhm ηc
[rpm] [MPa] [L/min] [Nm] [W] [W] [%] [%] [%]

1500

≈0 1.146 0.17 26.70 7.26 100.00 27.18 27.18
5 1.066 0.73 114.67 88.83 93.02 83.28 77.47
10 0.972 1.43 224.62 162.00 84.82 85.03 72.12
15 0.844 2.16 339.29 211.00 73.65 84.44 62.19
20 0.602 3.20 502.65 200.67 52.53 76.00 39.92
22 0.395 3.39 532.50 144.83 34.47 78.91 27.20

1750

≈0 1.335 0.16 29.32 8.46 100.00 28.84 28.84
5 1.242 0.75 137.44 103.50 93.03 80.94 75.30
10 1.149 1.41 258.40 191.50 86.07 86.11 74.11
15 1.023 2.16 395.84 255.75 76.63 84.31 64.61
16 0.997 2.30 421.50 265.87 74.68 84.46 63.08
21 ** ** ** ** ** ** **

* the tested pump did not achieve the given pressure; ** the test stand did not allow to obtain the required
rotational speed for this load.

Figure 7 shows selected characteristics of actual deliveries and torques on the pump shaft
for the respective specific deliveries q = 0.25 cm3/rev, q = 0.315 cm3/rev and q = 1.0 cm3/rev.
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Table 5. Sample data.

we we we we wy
n pt Qrz M ηc

0.25 3 high 10.47 unacceptable
0.25 3 high 43.98 unacceptable
0.315 3 high 10.47 acceptable

0.8 5 high 10.47 acceptable
0.8 8 normal 10.47 acceptable
0.8 8 normal 43.98 unacceptable

0.315 8 normal 43.98 acceptable
0.25 5 high 10.47 unacceptable
0.25 8 normal 10.47 acceptable
0.8 5 normal 10.47 acceptable

0.25 5 normal 43.98 acceptable
0.315 5 high 43.98 acceptable
0.315 3 normal 10.47 acceptable

0.8 5 high 43.98 unacceptable

Figure 8 shows selected characteristics of pump efficiency for selected specific deliver-
ies q for respective rotational speeds n for the oil Azolla ZT type 22.
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The plotted static characteristics of the prototype pumps have curve shapes similar to
the known curve shapes of conventional pumps. The pumps reached the highest volumetric
efficiencies for low working pressures. The deformation of pump elements under loads
increases the gap widths which are mainly responsible for the volumetric losses at higher
discharge pressures.

ηv =
Qr

Qt
=

Qt − ∆Q
Qt

(1)

The pump volumetric efficiency ην is the ratio of a real displacement Qrz to theoretical
efficiency Qt, where ∆Q is the volumetric loss in a pump.

The discharge pressure is not the only factor which influences the efficiency of the pro-
totype pump. The efficiency curves additionally depend on the rotational speed, dynamic
viscosity, oil density and specific delivery [1].

ηv = 1− cµ
p

2πµn
− cr

1
n

√
2p
ρ

3
√

q−1 (2)

where cµ is the coefficient, which is a function of dimensions and the number of gaps,
which also depends on the efficiency of an appropriate pump, p is the working pressure,
q is the proper efficiency, n is the rotational speed, µ is the liquid dynamic viscosity, and
cr is the coefficient dependent on the type of gaps, their dimensions and efficiency of
an appropriate pump.

The curves indicate a tendency for the volumetric efficiency to increase when oil
of higher viscosity is used. The use of the HL 68 oil causes the volumetric efficiency to
increase by more than 50% (especially for higher working pressures). A similar effect can
be obtained if the rotational speed is increased. In this case, the change of speed from 500
to 1750 rpm causes an increase in efficiency by more than 50%. Lower specific delivery q
also results in increased internal leaks for high discharge pressures. For this reason, small
units are best suited to systems operating at lower pressures.

The pump hydromechanical efficiency ηhm is defined as the ratio of the theoretical
torque Mt to the actual torque loading the pump shaft.

ηhm =
Mt

Mrz
=

Mt

Mt − ∆M
(3a)

The hydromechanical loss torque ∆M can be represented as follows:

∆M = Mν + Mρ + MP + Mk (3b)

The measurement of the individual components of the loss torque (Mν, Mρ, MP, Mk)
is metrologically very difficult (3b). Therefore, the hydromechanical efficiency ηhm was
determined indirectly, on the basis of the commonly accepted relationship (3a) and of the
prior calculations of the total efficiency ηc and the volumetric efficiency ηv.

ηc = ηv · ηhm (4)

As follows from the above-presented static characteristics, the experimental microp-
umps have a stable characteristic of total efficiency within the entire pressure range from 0
to 22 MPa for units having specific deliveries q approximate to 1 cm3/rev and working on
an oil type of higher density. The volumetric efficiency is the main factor which influences
the final value of the total efficiency. The losses related to the friction force of the liquid and
to the mechanical efficiency of the structure have a significantly smaller influence on the
total efficiency.

In the next stage, an analysis was performed of the importance rank of both the design
and operating parameters which influence the total efficiency.



Energies 2022, 15, 3068 13 of 27

4. Tests of the Importance Rank of the Design and Operating Parameters from
a Classification Perspective

Complex classification methods are used when an issue needs to be analyzed from
the perspective of two or more objective functions. Complex classifiers include multi-stage
classifiers [51], multi-purpose two-level classifiers [52] and classifier sets [53]. In multi-stage
discovery, the following sequence of classifications tasks is performed: in the first stage, the
input set of characteristics considered in a particular classification problem is used to select
a subset of characteristics, serving as the basis for making a classification decision which
limits the set of possible class labels in the first stage.

4.1. Determination of Importance Rank for Design Parameters with the Use of the Rule-Based
Knowledge Representation

A classification tree is one of the representations of a recurrent classification for a par-
ticular set. It consists of a gradual division of a multi-dimensional space of characteristics
into disjoint subsets until they become homogenous with respect to that characteristic (y).
Next, a local model of this variable is built in each of the obtained segments. The recurrent
classification method is graphically represented by a decision tree. If such a tree is related
to a characteristic y, which is a nominal characteristic, then its representative tree is called
a classification tree, and if it is related to a continuous variable, then the tree is called
a regression tree.

The tests were performed for the specific deliveries 0.25 cm3/rev, 0.315 cm3/rev,
0.5 cm3/rev, 0.8 cm3/rev, and 1.0 cm3/rev.

The object of the recurrent classification is the N-element set of objects.
In this case, it is a set of design parameters characterized by a vector of M+1 character-

istics, which are their values [x,y], where:

X = [x1, x2, x3, . . . , xM] (5)

where x1, x2, x3, . . . , xM- are the decision variables of the analyzed set.
Multi-dimensional observations (parameter values) in the analyzed set of measure-

ment data can be represented as the following matrix:

[xn, yn]NxM+1 =


x11 . . . x1M y1
x21 . . . x2M y2
. . . . . . . . . . . .
xN1 . . . xNM yN

 (6)

Variables x1, x2, ..., xM define the design parameters, where y1, y2, y3, . . . , yN- are the
output values of the criterion function.

x1= n, x2 = pt, x3 = Qrz, x4 = M, x5 =Nm, x6 = Nh, and the variable y is the output
variable: ηc.

Using the data from the matrix, such a relationship between the variable y and the
variables x1, x2, x3, x4, x5, x6 must be found that based on the known values of the predicates,
it is possible to define the key parameters (x1, x2, x3, x4, x5, x6) influencing the value of the
variable y (ηc). Such a function f is thus searched for that:

y = f (x, α) + ε (7)

where ε is the matching error ratio.
In practice, only one additive is considered:

y = α0 +
K

∑
K=1

αkgk(x, β) (8)

where: α0—model parameters, αk—change of model in k-th step, gk—coefficient of the
matching function in k-th step.
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The constructed model is graphically represented by a decision tree. In particular, the
constructed inductive decision trees can employ the measure of entropy.

4.1.1. Application of Induction Trees

The measure of entropy is defined as:

Ent(S) = −
r

∑
i=1

pi · log2 pi (9)

where pi is the probability that a randomly selected example from S belongs to class Ki (pi
estimated as ni/n). Attribute a (given decision variable from the set) is used to build a test
in the tree node conditional entropy. The lower the value, the better the conjunction of P.

The problem of reducing the number of attributes is also considered from various
perspectives. Due to the complicated calculation process, the fastest techniques are based
on removing the attributes which are irrelevant to the classification during preliminary
data processing.

Any limit point divides the binary set S into two disjoint subsets S1 and S2 (S = S1∪S2).
For such a division, the conditional entropy is defined as [54–56]:

|S1|
|S| · Ent(S1) +

|S2|
|S| · Ent(S2) (10)

The work of the expert system is in several stages. In the first stage, the inductive
tree is created; then, follows the optimization of the decision tree depending on the
criterion function.

The system operation can be described as follows:
Step 1: A learning file is created
.lrn and a test file .tst. In this step, all the measurement data are entered as input

parameters (in) and output parameters (out).

- the set of input parameters: {x1, x2, x3, x3, . . . , xn}
- the set of output parameters:

{
y1, y2, y3, y3, . . . , yn

}
.

Step 2: Building a model (classifier) that describes a predefined set of data classes.
This method is the main method used to build decision trees, which reduces the

amount of information needed for classification. The attribute with the highest information
gain is selected.

S—the set of examples of one of k decision classes, denoted K1, ..., Kk.
N—the number of examples from S, and ni—the class size Ki
Entropy is associated with the classification of the set of examples of S (9).
Set attribute a takes p different values {v1, v2, ..., vp}.
S = {S1, S2, ..., Sp}, where Sj contains examples with vj attribute values (j = 1, ..., p);

nSj—abundance of the set Sj.
The entropy of partitioning the set of examples S due to attribute a:

Ent(S|a) =
p

∑
j=1

nSj

n
· Ent(Sj) (11)

The information gain resulting from using the attribute a to build a split test for a set
of examples S:

Gain(S, a) = Ent(S)− Ent(S|a) (12)

High entropy means low information gain, and low entropy means high information
gain (Figure 9).
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Figure 9. Graphical interpretation of classification in terms of entropy.

Such a limit point is selected for a particular attribute which minimizes the value of
the conditional entropy. In order to most efficiently direct the input data through a series of
conditions to the correct result, feature (condition) fragments with lower entropy (higher
information gain) are placed higher on the tree.

Step 3: Generating induction trees
Decision trees make use of entropy in their construction: in order to most efficiently

direct input data through a series of conditions to the correct outcome, feature (condi-
tion) fragments with lower entropy (higher information gain) are placed higher on the
tree (Figure 10).
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Step 4: Rule generation for PC Shell system
A method of inference is used, among others, a recursion mechanism, similar to

that found in prolog systems. In the PC Shell system, there are different methods of
knowledge representation:

- Declarative in the form of rules and facts;
- Triple: object, attribute, value;
- Imperative in the form of an algorithmic program;
- Knowledge in the form of texts;
- Distributed knowledge in a neural network;
- The possibility of dividing the knowledge base into a number of knowledge sources.

For each of the trees, rules are created.
Step 5: Searching the induction tree using rules in order to generate the best an-

swer. Determination of the optimal objective function.
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Each induction tree is searched for the best fit of the criterion function (Figure 11).
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Figure 11. Searching an inductive decision tree.

The algorithm starts at the root node (selecting some arbitrary node as the root node in
the case of a graph) and explores as far as possible along each branch before backtracking.

The system recursively calculates at each split until the maximum depth is reached.
The choice of maximum depth is very important and significantly affects how our model
may under- or over-fit the data.

Tree depth analysis allows you to optimally adjust the criterion function (Figure 12).
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Finally, the measurement points that have the greatest influence on the fulfillment of
the criterion function are determined.

4.1.2. Calculation Example

In the case of the article, for example:

- the input attributes (in) are the following parameters: x1 = n, x2 = pt, x3 = Qrz, x4 = M,
x5 = Nm, x6 = Nh.
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- the output parameter (out) is the total efficiency ηc.

Calculation of entropy: first level:

ηacceptable = −
( 9

14
)
log2

( 9
14
)
= 0.41

ηunacceptable = −
( 5

14
)
log2

( 5
14
)
= 0.53

E(S) = ηacceptable + ηunacceptable = 0.94

(13)

Figure 13 shows decision tree generation at the first level.
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Figure 13. First stage of induction tree generation.

Calculation of entropy: second level:

info([2, 3]) = entropy
(

2
5

,
3
5

)
= −2

5
log2

(
2
5

)
− 3

5
log2

(
3
5

)
= 0.971

info([4, 0]) = entropy(1, 0) = −1 log2(1)− 0 log2(0) = 0

Note: log(0) is not defined but we evaluate 0 ∗ log(0) as zero.

info([3, 2]) = entropy
(

3
5

,
2
5

)
= −3

5
log2

(
3
5

)
− 2

5
log2

(
2
5

)
= 0.971

info([3, 2], [4, 0], [3, 2]) =
(

5
14

)
× 0.971 +

(
4
14

)
× 0 +

(
5

14

)
× 0.971 = 0.693

Information gain (information before split):

gain(′n′) = info([9, 5])− info([2, 3], [4, 0], [3, 2]) = 0.940− 0.693 = 0.247

Information gain for sample data:

gain(′n′) = 0.247

gain(′p′t) = 0.029

gain(′Q′rz) = 0.152

gain(′M′) = 0.048

(14)
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Figure 14 shows decision tree generation at the second level.

Energies 2022, 15, x FOR PEER REVIEW 19 of 29 
 

 

9 5 2 3 4 0 3 2 0 940 0 693 0 247gain('n') inf o([ , ]) inf o([ , ],[ , ],[ , ]) . . .      

Information gain for sample data: 

0 247
0 029

0152
0 048

t

rz

gain('n') .
gain('p ') .
gain('Q ') .
gain('M') .






 (14)

Figure 14 shows decision tree generation at the second level. 

 
Figure 14. Final stage of induction tree generation. 

Examples of rules generated for the induction trees in Figure 14 are shown in Sup-
plementary Materials File S2. 

The application of the network would ultimately allow determination of the most 
important values of parameters q and n affecting each other from the point of view of 
optimal total efficiency ηc for both oils. 

The following assumptions were made: 

1. The input attributes (in) are the following parameters: x1= n, x2 = pt, x3 = Qrz, x4= M, x5 

= Nm, x6 = Nh. 
2. The output parameter (out) is the total efficiency ηc. 

As schematically shown in Figure 15, three analyses were performed. 

Figure 14. Final stage of induction tree generation.

Examples of rules generated for the induction trees in Figure 14 are shown in
Supplementary Materials File S2.

The application of the network would ultimately allow determination of the most
important values of parameters q and n affecting each other from the point of view of
optimal total efficiency ηc for both oils.

The following assumptions were made:

1. The input attributes (in) are the following parameters: x1= n, x2 = pt, x3 = Qrz, x4= M,
x5 = Nm, x6 = Nh.

2. The output parameter (out) is the total efficiency ηc.

As schematically shown in Figure 15, three analyses were performed.
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I. Microanalysis

Analysis performed:
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• separately for each of the instantaneous specific deliveries—0.25 cm3/rev; 0.315 cm3/rev;
0.5 cm3/rev; 0.8 cm3/rev; and 1.0 cm3/rev.

• separately for two types of oil: Azolla ZS type 22 and HL 68
• the efficiency values were divided into 10 groups

The analysis provided a set of 10 induction trees.

II. Microanalysis

Analysis performed:

• in combination for all of the instantaneous specific deliveries—0.25 cm3/rev; 0.315 cm3/rev;
0.5 cm3/rev; 0.8 cm3/rev; and 1.0 cm3/rev.

• separately for two types of oil: Azolla ZS type 22 and HL 68
• the efficiency values were divided into X groups

The analysis provided a set of two induction trees.

III. Microanalysis

Analysis performed:

• in combination for all of the instantaneous specific deliveries—0.25 cm3/rev; 0.315 cm3/rev;
0.5 cm3/rev; 0.8 cm3/rev; and 1.0 cm3/rev.

• in combination for two types of oil: Azolla ZS type 22 and HL 68
• the efficiency values were divided into X groups

The analysis provided one induction tree.
The solution space and decision tree induction were searched with the use of a modi-

fied module of the DeTreex expert software.
Figure 16 shows a table containing the training set (the .lrn file) for microanalysis 1,

related to the specific delivery q = 0.5 cm3/rev for the oil Azolla ZS type 22.
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Figure 18 shows a table containing the training set (the .lrn file) for microanalysis 1,
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Figure 19. Induction tree for the file of Figure 18.

An identical analysis was performed for the remaining values of specific delivery for
microanalysis 1 and microanalysis 2.

In turn, Figure 20 shows a fragment of the induction tree for microanalysis 3, in
combination for all of the instantaneous specific deliveries—0.25 cm3/rev; 0.315 cm3/rev;
0.5 cm3/rev; 0.8 cm3/rev; and 1.0 cm3/rev—and in combination for two types of oil: Azolla
ZS type 22 and HL 68.
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Each of the trees corresponds to a rule-based notation generated in PC Shell. The “fast”
induction tree generation algorithm is presented in Supplementary Materials File S3.

Figures 21–23 show hierarchically ordered importance ranks for the analyzed parame-
ters (highest entropy increment) for each of the microanalyses.
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In the final stage, the mutual influence of the following parameters was analyzed: the
rotational speed n and the specific delivery q simultaneously for both oil types.

In the first case, the output parameter (out) was the delivery and the relationship q(n)
was investigated. The induction tree for this analysis is shown in Figure 24. In the second
case, the output parameter (out) was the rotational speed n and the relationship n(q) was
investigated—the induction tree is shown in Figure 25.
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The greatest influence on the delivery is observed for the following rotational
speed values:

n = 1000 for respective actual delivery Qrz and M (according to Figure 24);
n = 1500 for respective actual delivery Qrz and M (according to Figure 25).

The greatest influence on the rotational speed n is observed for the following
delivery values:

q = 0.315, in the case when the actual delivery Qrz value is greater than 0.172 L/min;
q = 0.5, in the case when the actual delivery Qrz value is smaller than or equal to 0.571 L/min;
q = 0.8, in the case when the actual delivery Qrz value is greater than 0.378 L/min.

5. Discussion

Each of the induction trees generates an importance rank of the design parameters
(and their values) for each type of analysis. The most important parameters are located in
the roots of the induction trees (if considered from the top of the tree) and have the highest
value of entropy increment ∆I(E).

For example, the tree shown in Figure 17, for the specific delivery q = 0.5 cm3/rev
and for the Azolla ZS oil type 22, defines the hydraulic power Nh as the most important
parameter, followed by the discharge pressure pt and the actual delivery Qrz. In the case of
microanalysis 3, which includes all specific deliveries and both oil types (Azolla ZS type 22
oraz HL 68), the most important parameter is also the hydraulic power Nh, followed by the
discharge pressure pt and the rotational speed n. (Figure 20).

Each of the trees corresponds to a rule-based notation generated in PC Shell.
Analysis of the data presented in Figures 21–23 demonstrates the importance rank

of the design and operating parameters influencing the total efficiency ηc. In the case of
the Azolla ZS oil type 22, hydraulic power Nh has the highest importance (Figure 21). Its
importance rank decreases slightly for the total efficiency of 1.0 cm3/rev. In the case of the
HL 68 oil and of the same type of analysis, the discharge pressure pt is the parameter of the
greatest influence for each delivery value, albeit it is immediately followed by the hydraulic
power Nh. The results are similar for the Azolla ZS oil type 22. In the case when the entire
analysis is considered simultaneously for the two oil types (Figure 23), it confirms that the
influence of the hydraulic power Nh is the greatest, immediately followed by the influence
of the discharge pressure pt. The results also indicate that the least important parameters
include the torque M and the actual delivery Qrz.

In the last stage, the potential of the decision classification can allow an expert decision
system to be developed. Such a system will comprise a calculation block and a classifica-
tion block based on entropy increment, as well as an advice block which will advise the
engineer/designer on the selection of the design parameters (their order and values).

6. Conclusions

The tests demonstrated that the static characteristics of the prototype pumps have a
curve shape which depends primarily on the viscosity of the oil. Significantly better results
were obtained for the HL 68 oil, having an almost three-fold higher viscosity than the vis-
cosity of the Azolla ZS oil type 22. Increased viscosity not only improved the total efficiency
and the volumetric efficiency but also slightly increased the hydromechanical efficiency.
The best parameters were obtained for the pump with the specific delivery q = 1 cm3/rev.
The following efficiency values were obtained for the nominal pressure and revolution
values in the case of the Azolla ZS 22 oil: ηv = 52.5%, ηhm = 76.0% and ηc = 39.9%. In the
case of the HL 68 oil, the values were ηv = 90.0%, ηhm = 84.2% and ηc = 75,8%. In addition,
the tests demonstrated some difficulties with reaching high working pressures in the case
of the oil with the lowest viscosity. These difficulties result from high internal leaks and the
volumetric efficiency approximates zero. For the above reason, in the case when the pumps
are designed to pump liquids of low viscosity, the dimensional tolerance should be stricter
and the size of the axial and radial gaps between the gear teeth and the pump body and
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the slide bearing housings should be decreased. Therefore, the designed and constructed
pumps are dedicated to work with oils having working viscosity values at a level of approx.
65–70 cSt. The implemented classification system allowed the determination of importance
ranks for the design and operating parameters. The rule sets are evaluated in the following
categories: number of rules (smaller is better), average support for the rule (i.e., an average
number of examples supporting a rule; more is better), the total number of elementary
conditions used in the rules (less is better) and the evaluation of the classification accuracy
(more is better). Therefore, the developed expert system can be potentially expanded with
additional tools supporting the decision-making process.

In the future, it is possible to use multi-valued logic trees to study the rank importance
of design and operating parameters for hydraulic systems. Previous hydraulic measure-
ment results show monotonicity of pt, Qrz, M changes for increasing rotational speed n.
Therefore, the logical values of the decision variables for the logic trees can be set for a larger
or smaller range of changes. The selected design and operation parameters with arithmetic
values as a result of translation into logical values will be analyzed in terms of importance
rank by the method of multi-valued logical decision trees, in which there can be only one
logical variable on each floor. Structural and operational parameters with similar structural
monotonicity can be decisionally combined into a complex variable (e.g., pt, M). Structural
and operational parameters with arithmetic intervals that are not disjointed should first be
monotonically ordered (e.g., Qrz), and only then may be given logical values of decision
variables sequentially for increasing values of speed n. This procedure can be carried out
for the given tables of hydraulic measurement results.

The authors’ future work will be directed in two directions:

1. Successive groups of micro-hydraulic pumps with different unit capacities operating
with different oils will be subjected to hydraulic tests. The aim will be to develop
a comprehensive method for testing the importance of design and operational param-
eters for the entire range of micro-pumps.

2. The authors will strive to build a “complete” and “automatic” information system
for decision support, taking into account the heuristic method and techniques of
searching the space of possible solutions. The expert system should have the ability
to justify to the user the solution adopted. This is necessary not only after complete
inference and presentation of the solution, problem or diagnosis, but also at each stage
of inference, i.e., after each stage involving a partial solution. The system performs
backward inference as an additional task, requiring expert opinion. It is important
that the results are obtained from inference with the facts contained in the knowledge
base. To preserve this principle, expert systems have a so-called non-contradiction
module. This module allows the system to self-analyse and reconstruct a certain
sequence of inference. A strict quantitative measurement of the systems ability to
self-analyse is not made, as it would be a very difficult process, and is not always
possible or necessary. However, it plays a very important role in the prototype design
of pumps and micro-hydraulic devices.

In addition, in the future, interpolation or extrapolation may be carried out for the
results of hydraulic measurements, to increase the accuracy of the assessment of the
importance rank of constructional and operational parameters.
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29. Osiński, P.; Deptuła, A.; Partyka, M.A. Discrete optimization of a gear pump after tooth root undercutting by means of multi
—Valued logic trees. Arch. Civ. Mech. Eng. 2013, 13, 422–431. [CrossRef]
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