CONSTRUCTION MACHINERY AND PROCESS EQUIPMENT

UDC 621.86

Improving the Niryo One robotic platform by the optimizing of the drive
operating modes. Part Il

Dmytro Mishchuk?!, Yevhen Mishchuk?, Maksym Balaka®

123 Kyiv National University of Construction and Architecture,
31 Air Force Avenue, Kyiv, Ukraine, 03037,
Imischuk.do@knuba.edu.ua, https://orcid.org/0000-0002-8263-9400,

?mischuk.ieo@knuba.edu.ua, https://orcid.org/0000-0002-1888-3687,

3palaka.mm@knuba.edu.ua, https://orcid.org/0000-0003-4142-9703

Received: 28.10.2025; Accepted: 25.11.2025
https://doi.org/10.32347/gbdmm.2025.106.0301

Abstract. The paper considers the issue of im-
proving the Niryo One robotic platform by opti-
mizing the operating modes of the manipulator
drive. The relevance of the research is due to the
need to increase the efficiency and accuracy of
robotic systems in industrial and research applica-
tions. The second part of the study presents the
development of a mathematical model of manipu-
lator dynamics, which takes into account the de-
sign features and parameters of the Niryo One
platform. Based on the constructed manipulator
model, the manipulator motion trajectories were
optimized using the sequential quadratic program-
ming method (SLSQP — Sequential Least Squares
Programming). Optimization was aim at minimiz-
ing energy consumption and task execution time
while adhering to constraints on the dynamic char-
acteristics of the system.

The proposed approach to determining optimal
driving modes based on numerical methods of
nonlinear programming. As optimization result of
trajectories were obtain that provide a reduction in
the load on the drives and an increase in the
smoothness of movement compared to typical
modes, that can be implemented in standard plat-
form software. A comparative analysis of optimal
and typical driving modes was conduct based on
the criteria of energy efficiency and work dynam-
ics.

The results obtained can be used to modernize
existing and develop new control algorithms for
two-mass robotic systems, as well as to increase
reliability and service life. Prospects for further
research been related to the adaptation of the de-
veloped method for manipulators with other kine-
matic schemes and under conditions of variable
external loads.

Keywords: Niryo One, manipulator, optimiza-
tion, power minimization, improvement, SLSQP
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INTRODUCTION

Today's robotics have a key role in educa-
tional processes, providing students and re-
searchers with tools for hands-on learning
about automation, programming, and engineer-
ing. One of the popular educational platforms
is Niryo One it’s a flexible and affordable ro-
botic arm that is used in educational institu-
tions to demonstrate the principles of industrial
manipulators. However, like any technical
system, Niryo One is not a perfect robotic sys-
tem. In particular, the energy efficiency of
such a system is not optimal. The significant
power consumption of the drive of this manip-
ulator directly affects the duration of autono-
mous operation, productivity and overall effi-
ciency of its use.

The previous part of the article examined
general methods for improving the boom drive
mechanism of the Niryo One educational ro-
botic platform. This part of the article is de-
voted to a more in-depth analysis of power
optimization issues - a relevant topic that al-
lows not only to increase the efficiency of the
platform, but also to expand the possibilities of
its application in educational and research pro-
jects. Power optimization includes a set of
measures aimed at reducing energy consump-
tion, improving power management, and im-
plementing modern control algorithms that
balance performance and energy efficiency.
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ANALYSIS OF WORK ON
OPTIMIZATION OF DRIVE POWER OF
ROBOTIC PLATFORMS

One of the main areas of power optimiza-
tion is reducing the energy consumption of
robotic systems. Several key classical ap-
proaches been identified in the scientific litera-
ture and practical developments:

- hardware optimization involves the use of
energy-efficient components, such as low-
voltage motors, modern low-power micro-
controllers, and optimized power supply
circuits. For example, replacing standard
servos with models featuring lower current
consumption can significantly reduce the
overall load on the power source [1-3];

- optimal operation mode management
achieved by implementing algorithms that
allow individual platform nodes to be
switched to standby mode when not in use.
This approach is particularly relevant for
systems operating in cyclic modes with
pauses. However, a drawback of this meth-
od is an increase in cycle time [2, 4];

- mechanical design optimization accom-
plished by reducing the mass of moving
parts, using lightweight materials, and im-
proving the mechanical efficiency of trans-
missions. This helps to reduce the load on
motors and, consequently, energy consump-
tion [5-7].

Modern methods for optimizing drive pow-
er actively employ algorithmic approaches,
including:

- adaptive control, which uses algorithms to
dynamically adjust operating parameters of
the drive (e.g., speed, acceleration) depend-
ing on the current load and task require-
ments. This avoids excessive energy con-
sumption in modes where high performance
is not necessary [8-10];

- trajectory optimization, which involves
developing algorithms to determine the
most efficient motion trajectories for ma-
nipulators, minimizing energy costs for
movement. This is especially important for
tasks where precision is not critical, and en-
ergy efficiency is a priority [11];

- machine learning is applied to predict load
and optimize operating modes in real time.
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For example, neural networks can analyze

energy consumption data and suggest opti-

mal parameters for specific tasks [12-14].

An important aspect of power optimization
is improving the power system, in particular:

- the use of modern batteries, for example,
lithium-polymer or lithium-iron-phosphate
batteries with higher energy density and
lower internal resistance, allows you to in-
crease the time of autonomous operation of
the electrical system;

- the introduction of energy recovery mecha-
nisms, for example, during engine braking,
allows returning part of the energy back to
the power system, which is especially effec-
tive for platforms with cyclic loads;

- optimization of the power distribution
scheme through the use of intelligent power
controllers that dynamically distribute en-
ergy between platform nodes depending on
their current needs.

Analysis of existing work shows that opti-
mizing the power of robotic platforms is a
complex task that requires consideration of
both hardware and software aspects. This re-
search focuses on optimizing the energy con-
sumption of a two-link manipulator when
moving a payload between two points.

PRESENTATION OF THE MAIN
MATERIAL

The Niryo One robot's boom system con-
sists of six series-connected links that form a
serial kinematic structure with six degrees of
freedom (6 DOF). Each link connected to the
adjacent one using rotational joints, which
allows for the implementation of complex tra-
jectories of the end effector movement in
three-dimensional space. This configuration
provides high flexibility and maneuverability,
but requires precise control of each joint to
prevent positioning errors under dynamic
loads. Thus, the main components of such a
boom system are rigid links connecting the
rotary joints — joints equipped with stepper
motors. An end effector is a tool (usually a
gripper) that performs the main functions.

In this work, it proposed to investigate the
motion of two serially connected links of a
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manipulator - a boom with a length of I; and
forearm length I>.

To the effectively optimize the operating
modes of the manipulator drive, it is necessary
to create an adequate mathematical model that
describes the dynamics and kinematics of the
manipulator. To simplify calculations and
modeling, we will consider a two-mass model
in the future, where the mass m; — the mass of
the link |1 and m — the mass of the link I2.

The center of mass of the first link is at a
distance 1/2l1 rom the axis of its rotation, and
the center of mass of the second link is at a
distance 11+1/2l, from the axis of rotation of
the first link. The load is located at the end of
the second link. The generalized coordinates
for the considered manipulator system taken to
be the rotation angles o and B. The dynamic
model of the considered case shown on Fig. 1.

N

A

7

Fig. 1. Dynamic model of the manipulator

For the case where the drive mechanisms
are located in the joints of the boom system,
and the movement of the links is implemented
by direct transmission of torque from the drive
mechanism to the moving frame, therefore, the
optimization objective function can be repre-
sented as the minimization of the root-mean-
square integral powers of the drive:

;
| = [V(R®? + P 0Adt>min, (1)
0
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where: R(t) = w and
il
P, (t) :M — the power of the com-
n2

ponent drive mechanisms; Mi(t), Ma(t) — driv-
ing torques; m1(t), w2(t) — an angular velocities
of moving parts.

The objective function (1) in this form will
take into account the case when the system can
move in the opposite direction in the recovery
mode, where energy will be generate. This
case requires additional study and is not con-
sider in this work. This is due to the fact that
the implementation of the physical model for
the manipulator under consideration does not
contain special means capable of accumulating
the energy produced by such a system.

The moments in the hinges of the links are
determined from the Lagrange equations of the
2nd kind:

d [8Tj oT oIl .

—| = |m = =My;

dt\oa ) Jdo Oa )
d(oT )\ oT oIl

—| — |[-—+—=My,

di\op) op op

where: T and I7 respectively, the kinetic and
potential energy of the mechanical system.

Kinetic energy of the mechanical two-mass
boom system of the manipulator:

.2 -2 2
T= Jo10 n Je2v " M2V ’ ©)

2 2 2

where Jo1 :%mlllz— the moment of inertia of

the first link relative to the axis of rotation; m;
— mass of the second link; vz — a linear veloci-
ty of the center of mass of the second link;

Jeo =%m2I22 — the moment of inertia of the

second link relative to its own center of mass;
v = n-(atf).

The linear velocity of the center of mass of
the second link is determined through the
components of the velocities in Cartesian co-
ordinates:
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2 .2 .2
Ve = X2+ Ye2, (4)
where: X .o = 1 :

!} X2 =l coso+ Iy cosy;

Yez =lisina—Zl;siny,
then

L2y = (hasin a-1l sin(o,+B) (G +B))? +
5
+(I1d0050c—%lzcos(oc+[3)(d+B))2. ©

Potential energy of a mechanical system:
IT=mg IElsin o+ myg(ly sin a—%sin 7). (6)

Finally, it was have the following equations
of motion of the manipulator boom system:

M1 :%(29(m1|1COSOL+

+myl, cos(a +B)) +

+ My (Ahlogsin(B)ap + 2y sinBp?) + (7
+(4(3g1 + Jg2) + (A1 +15)my —

— 4ll,my coSB)G + (4d ¢y + 1M, —

—2hl,m; cosB)p;

MZ :%m2|2(2g COS(OL+B)— (8)

— 21y sinBa? + (1 — 215 cosB)d + o).

Note that in the obtained equations, the first
derivatives with respect to the angles of rota-
tion a.and P are angular velocities, then:

do .
a(t) T ©)
o®=T-p. (0

From the analysis of the equations, it is ob-
vious that the moments on the drive mecha-
nisms will depend not only on the external
load, but also on the angular velocities of the
links. From equation (1) we also see that for
the optimal value of the drive power, it is nec-
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essary to simultaneously optimize both the
angular velocity and the drive torque.

In the control problems of the movement of
the robot arm, the motion trajectories must be
smooth differentiable functions without dis-
continuities. This condition imposes a re-
striction on control, which cannot be relay-
based. The general form of the solution of the
displacement function in generalized coordi-
nates will be described by polynomials of the
5th class:

a(t)= ag +aqt + a2t2 + a3t3 +

4 5 (11)
+agt” +agt”;

B(t) = bp + byt + bot? + bgt> + 12
+byt? +bet®,

where: ao, A1, Az, as, a4, as Ta bo, b1, bz, b3, b4,
bs — some coefficients that need to be deter-
mined.

The physical system of the manipulator has
the following limitations:

|031(t)| < O max » |032(t)| < M2 max
|M1(t)| < Mimax |M2(t)| <M2max ;
a(0) = ag,o(T) =0y, P(0) =PBo.B(T) =Py ;
®(0) =@ (T) =0, @(0) =02 (T) =0.

Such restrictions allow us to determine
some coefficients. To do this, we define the
derivatives:

a(t) =a; +2at + 3a3t2 + 4a4t3 + 5a5t4; (13)
6.(t) = 2a, +6agt +12a,4t% + 20ast>;  (14)
B(t) = by + 2bot +3bat? + 4byt> +5bet?, (15)
B(t) = 2b, + 6bst +12b4t% + 20bet®,  (16)
Taking into account the boundary condi-

tions of motion, we find the corresponding
coefficients of polynomials (11) and (12):

a(0)=ag =ag, B(0)=by =Po,
m(0)=2a, =0, 0(0)=b =0;
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o(T)=0ag +a2T2 +a3T3+a4T4 +a5T5 =ay;

w1 (T) = 2a,T +3a3T % +4a,T 3 +5asT* = 0;
B(T)=PBo+bpT 2 +bgT3+0, T4 +bsT® =y
@, (T) = 2b,T +303T 2 +4b, T3 +5bT# = 0.

Then:
—2ay —3agl —5615T3 _
ag = 5 ;
4T
a 2&2T2+a3T3—4(0L]_—Oto)_
5= :
T5
—2b, — 30T —5bsT3
by = 5 ;
4T
bg = 2b,T % +b3T° —4(B, ~Bo) .
5 )
T

Let's consider the gradient optimization
method SLSQP (Sequential Least Squares
Programming) - this is a method of sequential
approximation using the least squares method
and is an extension of the SQP method. Since
the goal of this problem is to find the mini-
mum integral, then in essence this method can
be apply as an iterative method of constrained
nonlinear minimization of the functional. For
this problem, it is necessary to find a dis-
placement function along generalized coordi-
nates, which must be a smooth function and
differentiable, therefore this method can be
used to solve the given problem.

The essence of this method is to apply a
quadratic approximation of the next objective
function at each iteration step:

Q(X) = f (xi)+VF (X)) T (x=x) +

17
+%(X_xk)THk(X_Xk) 40

where: f (xy)=I(xx) — the value of the objec-
tive function at the point xx; Vf (xx) — gradi-
ent of the objective function at the point Xg;

2
Hk=m — Hessian matrix or Hessian ap-
8Xi5Xj
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proximation; x, — vector of coefficients of

polynomials of displacement functions.

At each step, the method solves a con-
strained quadratic programming subproblem
using this approximation as the objective func-
tion. The constraints are linearize around the
current point. The refined value of the coeffi-
cients is determined as follows:

Xk+1 = Xk +0k P (18)

where: xy — vector of coefficients at the current

iteration step k; xk+1 — vector of new coeffi-
cients at the next iteration k+1; p* — optimal
search direction vector; . — step length (sca-
lar).

The vector p has the same dimension as the
coefficient vector xx. The elements of this vec-
tor are the increments of the coefficients Aa;
and Ab; which show how much each coeffi-
cient needs to be changed a; or bi, to minimize
the quadratic approximation of the objective
function and satisfy the linearized constraints.

The vector p” is found from the solution of
QP sub problems:

. _ 1
p =argmin(Vf (x)" p+- pTHp). (19)

Scalar J. € [0, 1] ensures that moving in
the direction p* then the objective function
will decrease and the constraints are not vio-
lated too much.

Using linear search, minimizing the merit
function @, determine o.:

m
8, =argmin 7(xy ) +p > max(0, g(xy)), (20)
i=1
where p > 0 — a positive number that deter-
mines how strongly the algorithm "punishes"
constraint violations; g(x,) — a function that
returns the amount by which a limit exceeds
zero, then:

(9060)=max(|M; (& X)) ~[M; g i

Mi max k - the maximum actual torque of the
drive; M (t,x) — maximum permissible
torque that the drive is capable of realizing.
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For the next mechanical system parame-
ters: 11 = 0,25 m; I = 0,2 m; my = 0,912 kg; m2
= 0,5 m and a move time of 6 s at the initial
specified turning angles ao = 10°, fo = 30° and
final values oz = 80°, B1 = 180° the values of
the coefficients of the polynomials were de-
termined. This should ensure optimal power
consumption: a2 = 0,405; az = -0,232; b, =
-0,011; bs = -0,0088.

Fig. 2 shows graphs showing the depend-
ence of the changes in kinematic and force
parameters for this manipulator. The graphs of
the power changes are show in Fig. 3. From
the Fig. 2 a and b it is clear that the kinematic
characteristics of the obtained motion mode
fully satisfy the adopted boundary conditions.

The graphs of angular velocity changes for
this motion mode show that such a mode will
have dynamic loads at the boundaries of mo-
tion, i.e. at the beginning of acceleration and
the end of braking. From the graphs of mo-
ment changes, we see that at the beginning of
the movement for the given initial conditions,
the static moment of resistance for the second
link of the manipulator will have a negative
value. This is explained by the fact that for the
second link, at the beginning of the motion,
gravitational forces will create a driving mo-
ment, not a moment of resistance. The power
change graphs show that the dominant part of
the power change falls on the first drive link,
which will also have a greater load (on Fig. 3).
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20F a i
06} .
15} / N [ «
10f 041 -/
05k B 02} /
N e iV bt
1 2 3 4 5 B 1 2 3 4 5 3
a b
da B 5
—, —=, pag/c”. M(t), Hem.
o2 a2’ " © My
B (04
/ /
Y . " N 1 ;X. " i tjc
~_ 2 3 4 5 6
-0.5} \
: ; : L tc
1 2 3 4 5 6
1.0} -0.5+
Cc d

Fig. 2. Results of theoretical modeling of drive power optimization for a two-link manipulator:
a — angles of rotation of links; b — angular velocities of rotation of links; ¢ — angular accelerations of links; d — drive

torques
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Fig. 3. The graphs of power changes on individual moving links of the boom system (a) and total power

consumption (b)

The change in static torque in drive
mechanisms is analyzed and compared with
the total drive torque. Static moments of
resistance will be determined by the following
formulas:

Memi =mMQ IElCOS((x) +

, 0
+myg(ly cos(a) + 52 cos(y));
I
Mem2 =Mag EZCOS(Y)- (21)
M(t), Hsm.
20 . /’\

1.5

1.0f \
T S e
M 4 5 6

-0.5F

Fig. 4. Graphs of changes in static and total drive
torques in the boom joints for driving each of the
manipulator links

From the graphs in Fig. 4 it is clear that the
total drive torque on each of the drives for this
mode of motion is practically equal to the stat-
ic load torque.

The dynamics of the system motion does
not significantly affect the drive load and will
most likely be crucial for positioning accuracy.
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To assess the effectiveness of the resulting
motion mode, a comparison was make with
typical motion modes (see Fig. 5 and Fig. 6):

- angle displacement

2
Oto+i,0StSI
2 2
2
aT T
at)=jo09+——+vmx(t--)- (22)
8 2
att—1)? o
2 t<T
2 2
- velocity
at,OStgI
oft) = 2 (23)
L —a(t—I)I<t<T
max 2!2 =
- acceleration
a,OstsI
M=y o ° (24)
—-a,—<t<T
2

where: a = 4(a1-0o) /T2
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Fig. 5. Theoretical modeling results for a typical triangular motion mode of a two-link manipulator:
a — angles of rotation of links; b — angular velocities of rotation of links; ¢ — angular accelerations of links; d —

driving moments
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Fig. 6. Graphs of power changes on individual moving li

nks of the boom system (a) and total power

consumption (b): 1 — for typical triangular mode; 2 — for optimized polynomial mode

CONCLUSIONS

The optimization of the drive power of the two- -
link manipulator performed in this work allowed
us to establish the next facts:
- optimization by the integral criterion with the
pi-integral function of the square root of the
sum of the squares of the component capacities
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allows taking into account the full capacity
without recuperation;

for the optimal power value, you need to know
the optimal change in the driving torque and
angular velocity, but in this case, the driving
torque will depend on the law of displacement
and therefore will depend on the nature of the
change in the angular velocity;
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- if the masses and dimensions of the links of the
mechanical system are not significant, then the
influence of the dynamic component on the
change in power will be small, and therefore it
is possible to implement movement according
to typical laws of motion;

- when the manipulator is operating in a gravita-
tional field, reverse effects will occur, which al-
lows energy recovery;

- from the graph in Fig. 6 it is clearly seen that
the total work spent on performing the move-
ment for the optimal mode of movement and
for the typical triangular one will be practically
the same;

- to optimize the drive power, it is further desira-
ble to develop a general optimization method-
ology using numerical methods and genetic al-
gorithms.
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Niryo One 3a paxyHok onTumi3zanii pe:kumiB
po6oTu nmpusoay. Yacruna I1

Jmumpo Miwyx*, €seen Miugyx?, Maxcum banaxa®

123 Kuigcokuti nayionanonuii ynieepcumem
byoisHuymea i apximexmypu

AHoTanis. B poboTi po3risiHyTO MUTaHHS BJO-
CKOHaJIeHHS poOoTn3oBaHoi Tuiatdhopmu Niryo
One UUISIXOM ONTUMI3AIil pEXUMIB PoOOTH TpHU-
BOJy MaHIIMYyJIATOpa. AKTYaJbHICTh JOCIIDKEHHS
3yMOBJIEHAa HEOOXIIHICTIO MiABHUIIEHHS €(eKTuB-
HOCTI Ta TOYHOCTI POOOTH pPOOOTOTEXHIYHUX CHC-
TEM y IPOMHCIIOBUX 1 JOCHIIHHUIBKUAX 3aCTOCY-
BaHHsX. Y JAPYriil 4acTHHI AOCHIPKEHHS MpeacTa-
BJICHO PO3POOKY MAaTeMaTWYHOI MOJEJi JTUHAMIKA
MaHIMyJISATOPa, SKa BPaXxoOBYE OCOOJIMBOCTI KOHC-
Tpykuii Ta mapametpu 1iatpopmu Niryo One. Ha
OCHOBI MOOYZI0BaHOI MOJIENi TPOBEICHO ONTHUMIi3a-
LI}0 TPAEKTOPIHA pyXy MaHINMyJIsATOpa 3 BUKOPHC-
TaHHSAM METOJy IIOCTIIOBHOTO KBaJpaTHYHOTO
nporpamyBanHs (SLSQP — Sequential Least
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BYAIBEABHI MALLIMHA | TEXHOAOTIHHE OBAAAHAHHA

Squares Programming). OnruMizariisi cupsMoBaHa
Ha MiHIMI3aIlif0 eHeproCMOKNBAaHHS Ta Yacy BHKO-
HaHHSA 3aBlaHb TPH AOTPUMaHHI OOMEKEHb Ha
JUHAMIYHI XapaKTEPUCTHKH CUCTEMH.

3anpoIToHOBaHUH MiAXiM 10 BH3HAYCHHS ONTH-
MaJbHHUX PEXHUMIB pyXy 0a3yeThCsl Ha YHCETHHUX
MeTOAax HeNiHIMHOro mporpamyBaHHA. B pe3yib-
TaTi ONTUMI3allii OTPUMAHO TPAEKTOPII, 1m0 3a0e3-
MeYyIOTh 3HIKEHHS HABAaHTAXECHHS HA TIPUBOJH Ta
MiBUIICHHS IUIABHOCTI PyXy MOPIBHSHO 3 THIIO-
BUMH pEXHMaMH, peali30BaHUMH B CTAaHAAPTHOMY
nmporpaMHoMy 3a0esmeueHHi rurardopmu. [Ipose-
JIEHO TIOPIBHSUTHHUM aHali3 ONTUMaJIbHUX 1 THITO-
BUX PEKUMIB PYXY 32 KpUTEPisIMH eHeproeqexTu-
BHOCTI Ta AMHAMIKH POOOTH.

OTtpuMaHi pe3ynbTaTH MOXYTh OyTH BHKOpHC-
TaHi A7 MOZEpHi3amii ICHYIOUMX Ta PO3pOOKH
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HOBHX aJTOPUTMIB KEpPyBaHHS JIBOMACOBUMH PO-
OOTOTEXHIYHUMM CHCTEMAMU, a TAKOK JJIs IIiJBH-
IIeHHd HaAiiHOCTI Ta pecypcy pobotu. llepcrek-
THBY HOJATBIINX JOCTIKEHE OB’ s13aHi 3 ajanTa-
€10 PO3pOOJIEHOTO METOMY ISl MAaHIMyISITOPIB 3
IHIMAMHA KiHEMAaTUYHAMH CXeMaMH Ta B YMOBax
3MIHHMX 30BHIIIHIX HABAHTAKEHb.

Kuarouogi ciioBa: Niryo One, MaHimysisTop, or-
THMI3aIlii, MiHIMI3aIlisl TOTYXHOCTi, BIOCKOHAJICH-
Ha, MmeTox SLSQP, MaremMatnaHa MOJIENb, TBOJIAH-
KOBUH MaHIMyJsSTOoP.
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